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This thesis has focused on the strategies that can be implemented by electricicty 
utilities and private investors in increasing the penetration of rooftop photovoltaic 
systems (RPVs). Even though the proposals are general and applicable for any locality, 
the key studies of this research have been focused on the Australian electricicty market.  
First, a detailed review and comparison of all Australian power distribution companies 
has been carried out in terms of the percentage of the supplied customers and the 
customer density per kilometer length of their power lines. Following that, the daily 
electricity supply and the electricity unit charges offered by the active electricity retail 
companies in the zones of each of these power distribution companies are reviewed 
and compared. Based on this information, the annual electricity bill of a customer 
supplied by different power distribution companies and retailers is calculated. Through 
this study, the national average annual electricity bill has been determined for Australia 
and the power distribution companies are categorised under four segments of very 
cheap, cheap, expensive, and very expensive companies. This study has highlighted 
some of the key challenges faced by power distribution companies in Australia in 
supplying power through a more localised renewable based generation.  
Installing an RPV by a household is a big decision, and there are many factors which 
need to be considered before this decision. It can be highly rewarding in some cases 
and for others, it may bring a loss in the investment. The main factors which need to 
be considered are the electricity consumption tariff, electricity consumption pattern, 
the location of the household and the tariffs offered by the utility in that area. In this 
thesis, economic incentives of installing a RPV and battery energy storage (BES) are 
discussed for a household in different states, served by various utilities. A comparison 
is made to find which states are more suitable in terms of gaining financial benefits 
from RPVs. 
A flat rate feed-in tariff is an incentive offered by many utilities to encourage their 
 
v 
customers to invest in electricity generation from RPVs. Such a scheme is usually 
designed by financial techniques that mostly consider the initial capital cost and 
electricity spot price. However, such an incentive cannot help the utilities to address 
the technical challenges in networks with large renewable penetration. In this thesis, a 
dynamic feed-in tariff has been proposed and designed based on the value of 
electricity, hosting capacity, ambient temperature and time of day. This feed-in tariff 
will specifically support utilities that experience challenges in the electrification of 
remote areas or observe excessive stress on their networks at demand peak periods. 
The proposed feed-in tariff encourages the rural customers to install RPVs while 
discouraging the urban customers from installing RPVs without BES. 
Solar leasing is another opportunity to enhance the rapid uptake of RPVs. Even though 
solar leasing has attracted widespread acceptance in some countries, it has not been 
successful in being popular in some other places mainly due to lack of awareness of 
the model and economic viability in relation to outright buying a RPVs. One of the 
solar leasing models is roof rental in which a company leases the roof of residential 
premises for installing RPVs and selling the generated electricity to the utility. This 
thesis has explored an economically viable alternative for roof rental from the 
perspective of the engaged leasing company. To this end, an economic analysis has 
been performed to determine the net present value from the roof rental payments and 
versus different ratings of RPVs, desired interest rate and existing feed-in tariff. 
Furthermore, a BES can play an important role in realising maximum benefit from 
RPVs. However, the cost of a BES is comparatively high, and the BES of individual 
households may not be optimally utilised during a significant portion of the year as 
there may not be enough generation from RPVs during winter to charge the BES to its 
full capacity. Community solar on the other hand, if optimally designed, can give the 
opportunity to use a BES to its maximum capacity. Such systems can benefit many of 
the remote and rural communities, that are usually supplied by diesel generators, or 
long traditional distribution lines, which in addition to being expensive often don’t 
provide the reliability at desired level. These systems can also benefit most of the urban 
areas since the unmanaged penetration of RPVs has resulted in the undesired duck 
curve profile in the network. To this end, this thesis has proposed and validated the 
appropriate design criteria for community solar projects with an aim to improve the 
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Chapter 1. Introduction 
 
1 
Chapter 1 Introduction 
This chapter presents the background of the research by highlighting the key issues 
that the electricity utilities are facing, and further discusses the motivation of research. 
The main research objectives and contribution of this research are summarised. 
Finally, the organisation of this thesis and key areas of each chapter has been 
introduced. 
1.1. Background 
Australia is a developed country and has an established electricity infrastructure. 
However, it faces unique challenges that are not similar to those of other developed 
countries [1]. It is one of the most urbanised countries in the world with the vast 
majority of Australians living in coastal capital cities of Sydney, Melbourne, Brisbane 
and Perth while only 31% of its population lives in the regional and remote towns [2]. 
In most cases, the regional electricity network infrastructure spreads over thousands 
of kilometers and is vulnerable to ambient conditions. This results in increased losses, 
high maintenance and operational costs, as well as frequent and extended outages; all 
leading to a high cost of electricity supply and low reliability, which is undesirable for 
both utility and customers [3]. As seen from Figure 1.1, except the towns at the eastern 
coast that are supplied through the national electricity market and those few at the 
southwest that are supplied through the south-west interconnected system, most other 
towns in Australia’s regional and remote areas are supplied by local generators running 
with diesel or gas. However, this type of generation is expensive; the fuel 
transportation is sometimes difficult because of roads’ seasonal inaccessibility, and it 
pollutes the environment [4]. In addition to the lower reliability, the utilities also 
experience larger power losses due to long lines in those areas. This also results in high 
expenditures on supply, operation and maintenance, which are usually borne by the  
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Figure 1.1 Australian interconnected system (coloured circles) and isolated electricity 
networks (black rhombus). 
utilities or customers. Let us refer to a few examples of typical challenges faced by 
Australia’s utilities. Horizon Power services 2.3 million square km of the state of 
Western Australia (WA) and supplies 47,000 customers (i.e., the largest area with the 
least customer density in the world [5]). However, its electricity tariff is considerably 
lower than the average cost of supply (e.g., the electricity supply cost for the remote 
town of Sandstone is 1.65$/kWh which is 6 times more than the tariff charged by the 
utility). In addition, comparing the electricity bills across Australia reflects that 
electricity prices (including both supply charges and electricity unit rates) are 
significantly higher in rural areas unless subsidised by the state Governments [6]. As 
an example, customers of Horizon Power are heavily subsidised by WA Government 
(i.e., each of its customers receives on average an annual subsidy of 4,000 Australian 
Dollar ($) [7]). Ergon Energy at the state of Queensland services 30% of its customers 
by the radial single wire earth return system, which causes their system to suffer from 
losses, voltage drop and frequent outages [1]. A similar issue can be observed for 
Essential Energy, which services 95% of the state of New South Wales (NSW) mostly 
by radial lines and without an alternate path in case of line failures. After a fault, the 
crew needs to travel long distances, often across difficult terrains, which imposes 
additional challenges and increases the power restoration time (e.g., some customers 
experience up to 20 outages per year, each with an average duration of 3 hours). The 
capital expenditure required to improve this situation cannot generally be justified due 
to low customer densities (e.g., a feeder stretches almost 2,000 km to 













Figure 1.2 Schematic illustration of a grid-tied multi-housing complex with RPVs and 
a centralised BES that are owned and operated by a solar leasing company and running 
under PPA and feed-in tariff. 
supply about 320 customers [8]). Another important issue observed across Australia is 
bush fires (sometimes caused by non-detected high-impedance short-circuit faults) 
which force the utilities, servicing remote areas, to conduct vegetation management 
(which is currently the second largest cost for Essential Energy after its labor cost [9]). 
Ref [10] reports some of the cheaper new options to power rural and remote 
communities of Australia mainly with RPVs and BES. 
Four types of business models and financing options are available for the uptake of 
residential rooftop photovoltaic systems (RPVs); i.e., community-owned solar, power 
purchase agreement (PPA), solar leasing agreement and roof rental agreement [11]. In 
a community-owned solar business model, a group of households, which usually lack 
proper on-site solar resources or building ownership rights, purchase a portion of their 
electricity from a solar facility located off-site. Feasibility of such communities has 
been studied in several studies from various technical and economic aspects [12-18]. 
In the PPA model, a solar leasing company makes an agreement with the utility, 
customers or both, to sell electricity to the customers at a cheaper rate than the normal 
electricity unit charge. In the solar leasing agreement model, a customer does not 
outright purchase an RPV. Instead, he rents his roof to an solar leasing company for 
installing and operating an RPV [11] and thus, receives the services of the solar leasing 
company that owns the RPV. The solar leasing company sells the generated electricity 
by the RPV to the customer through a PPA or to the utility through a feed-in tariff [1], 
as shown schematically in Figure 1.2. Therefore, this model is also referred to as the 
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third-party ownership. In this case, the household receives benefits through either 
profit-sharing or roof rental payments. Successful implementation of this model was 
pioneered in the US. As an example, third-party ownership is a key for the rapid uptake 
of RPVs in the US since 2008, resulting in the installation of 66% of the RPVs. Large 
multinational companies such as Google, Citibank and Bank of America are financing 
RPVs through this scheme [11]. Such models have a leasing term of 15-20 years and 
are driven by federal solar investment tax credits. On the other hand, the leasing model 
in Thailand is emerging in the context of transitioning away from feed-in tariff.  
1.2. Motivation 
The network operation and maintenance costs can be significantly reduced if 
customers go completely or partially off-grid. Therfore, one of the techniques is 
installing residential RPVs (a typical Australian household, supplied by a single-phase 
power from the utility, and accommodating a RPV that can export power to the grid 
along with the possibility of a battery energy storage system (BES) that can be charged 
from the grid but is not allowed to export power to that [19]). Australia can 
significantly benefit from solar energy because it observes a high solar radiation per 
square meter (i.e., the solar radiation received by Australia is 58 million PJ per annum 
on average which is almost 10,000 times larger than its total energy consumption [20]). 
Thus, RPVs can play a major role in helping local utilities that are facing challenges 
in supplying the regional and rural communities. As an example, the RPVs installed 
throughout the national electricity market, have produced 23MW in 2008. However, 
their number was too small to make a significant impact on the overall electricity 
demand in that period. By the rapid uptake of RPVs in 2010-11, which was driven by 
a generous Feed-in tariff offered by the state governments, the contribution of RPVs 
increased to 1,450MW by early 2012 [21]. The utilities will spend less money on 
upgrading their aging network, improving voltage and power quality and vegetation 
management when their customers go partially or fully off-grid. This is currently being 
targeted under the stand-alone power system scheme called “Distributed Enery 
Resource Roadmap”  proposed by Energy Transformation Taskforce of Western 
Australia in which the utility installs a standalone hybrid system composed of RPV, 
BES and backup generator [22]. Thus, the employment of renewable energy in 
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Australia’s regional and remote towns will provide direct financial benefits for all 
stakeholders, and it will also overcome many social challenges [4]. As an example, it 
is shown in [23] that the local utility can reduce its electricity supply cost by 70% when 
the rural town of Laverton in WA is supplied by a group of renewable sources along 
with small diesel generators. Many utilities around the world offer a feed-in tariff as 
an incentive to encourage their customers to invest in electricity generation from 
renewable sources. The designed financial incentive makes the investment worthy for 
the customers. In [24], it is suggested that the most important step for increasing the 
penetration of RPVs is offering a reliable and realistic feed-in tariff. Most of the current 
feed-in tariffs are designed considering the initial capital cost and electricity spot price 
[25] while some studies have customised a special feed-in tariff for remote area 
customers [26]. In Australia, utilities offered a generous feed-in tariff of up to 
60¢/kWh for RPVs in 2009-12 [27]. This uniform feed-in tariff aimed at achieving 
high renewable energy targets, and as a result, a significant number of RPVs were 
installed in that period. However, this feed-in tariff did not consider the opportunity 
for the utilities to increase the penetration of RPVs at Australia’s regional and remote 
towns where they have substantial challenges in supplying electricity. Real-time 
electricity tariff can offer such as being attractive for the customers, on top of helping 
the system stability [28]. 
The key barrier identified for deployment of renewable energy and more specifically 
RPVs in Australia are administrative hurdles (mostly by utilities in accepting 
customers’ requests for connecting RPVs in their premises), policy instability (e.g., 
the 60¢/kWh feed-in tariff has dropped to 9.9¢/kWh from 2012 to 2017 [27]), and lack 
of financial motivation (i.e., the current low feed-in tariff results in very long payback 
periods for the customers) [29]. These barriers can be considerably mitigated by 
introducing stable policies on feed-in tariff, which have widespread financial 
acceptance for customers.  
Leasing is a popular option mostly because it does not require substantial upfront cost 
while the regular maintenances are also carried out by the solar leasing company. On 
the other hand, tax benefits and incentive programs for the engaged solar leasing 
company can make RPVs more economical [30]. In Australia, the outright purchasing 
of RPVs has been the common practice to date [31], and the RPV leasing business 
model has failed. However, a 2018 survey of Australian households has revealed that 
most customers are concerned about high electricity unit charge [32]. This can be 
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addressed by the help of solar leasing company that can offer energy under a PPA at a 
lower price than the normal electricity unit charge. Another concerning point is the 
low penetration of RPVs in rental properties. As an example, a 2018 study on the 
Australian real estate website showed that less than 3% of the rental properties have 
RPVs [33]. This is because landlords have little incentives to install RPVs as only the 
tenants benefit from the reduced electricity bills while the tenants cannot install RPVs 
in most cases. In addition to that, apartment blocks are also behind in the adoption of 
RPVs due to policy issues, administrative hurdles, and uninformed strata companies. 
However, these issues and hurdles have been addressed in a few cases. Solar Victoria 
offering solar rebates specifically for rental properties [34]. Another example, the city 
of Sydney, Australia, awarded innovation grants in late 2015 to pave the way towards 
emerging apartment blocks equipped with RPVs [35]. Additionally, some utilities 
have started to allow their electricity infrastructure to be used for sharing the 
electricity, supplied by RPVs, among the neighboring households. An example is a 
blockchain-based technology for power-sharing currently underway in the City of 
Fremantle, Australia, since 2017 [36]. 
On the other hand, there is a time mismatch between the generation of RPVs and the 
network’s peak demand. This mismatch forces most of the households with RPVs to 
export the excess of the generated electricity to the utility feeder, resulting in the un-
preferred ‘duck curve’ profile, a technical challenge for the utilities. The solution to 
this issue is installing and operating BES at the residential level that store the excess 
generation at middays and discharge at network peak periods. However, BES are 
relatively expensive now, particularly at the residential scale [37]. Thus, they are 
economically unfeasible at this stage. Therefore, an solar leasing agreement can be a 
better option for the customers when installing RPVs. To incentivise the customers, 
the solar leasing company can sell the generated electricity by the RPVs to the 
customers at a discounted rate instead of or in addition to offering them a roof rental 
payment. 
Various techniques can be used for evaluating the economic viability of the solar 
leasing agreement, such as the payback period, rate of investment return, index of 
profitability, and the net present value (NPV) [38]. Among these, the NPV technique 
is one of the most commonly used approaches and provides decisions to maximise the 
shareholders’ wealth [38] by measuring the economic benefits and costs through the 
cash flow, expected from the investment. The interest compensates the solar leasing 
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company for the initial capital cost of RPVs, as well as installing and operating them 
while considering the benefits received by the solar leasing company (i.e., the revenues 
from the generated electricity by the RPVs) [39]. The interest rate should be adjusted 
considering the reduction in the value of the leased asset [39]. Hence, the interest rate 
is central to the calculation of lease payments to ensure the solar leasing company 
desired investment return rate [40]. 
1.3. Research Objectives 
The main advantages and features of the proposed dynamic feed-in tariff (DFiT) are: 
• increasing the penetration of RPVs in areas in which local utilities experience 
technical and financial difficulties due to high ongoing maintenance, operation and 
upgrade costs; 
• considering the real importance of the generated power by RPVs to the local utility 
at that time to determine the DFiT by including the short-span parameters of 
ambient temperature and time-of-day in addition to the long-span factors of the 
value of energy (VoE) and hosting capacity (HC); and 
• being fair and reasonable for both utility and customers, 
while two major aims of the proposed DFiT are: 
• encouraging a well-managed penetration of RPVs in favour of utility at areas 
where the VoE generated by RPVs is high (such as remote areas with fragile 
electricity infrastructure) and with low penetration of RPVs, and 
• discouraging further uptake of RPVs without BES at areas with low VoE (such as 
urban areas with well developed electricity network) and/or relatively high 
penetration of RPVs. 
In the above backdrop, this thesis has focused on the techno-economic feasibility and 
benefits of a solar leasing agreement within a community solar project. More 
specifically, this research concentrates on the solar leasing agreement between a solar 
leasing company and a group of households within a multi-multi-housing complex. 
The study defines various technical and non-technical factors in maximizing the profit 
of the solar leasing company and the customers; i.e., high NPV for the solar leasing 
company and high energy self-sufficiency for the multi-multi-housing complex. 
Furthermore, the study investigates the factors by which the technical benefits of the 
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utility feeder, hosting the multi-multi-housing complex, can be improved; i.e., peak 
shaving the demand profile and improving the duck curve profile.  
1.4. Outline of Research Contributions 
The main contributions of this work to the research field are: 
• proposing a Fuzzy-based time-variant feed-in tariff instead of a fixed and uniform 
one (i.e., flat rate), 
• designing the feed-in tariff such that it increases the financial benefit and reduces 
the payback periods for customers at locations with low penetration of RPVs, and 
at remote and regional areas while reducing the technical difficulties for utilities 
because of high penetration of RPVs at a locality, and 
• formulating a techno-economic analysis from a solar leasing company’s 
perspective, investing in multi-multi-housing complex, 
• determining the suitable design factors to realise the utility’s desired technical 
objectives, and the suitable PPA tariff and roof rental payments for the consumers 
to realise the desired return on investment. 
1.5. Organisation of the Thesis 
The remainder of the thesis is organised as follows: 
 
Chapter 2 presents the literature review to highlight the existing challenges to the 
utilities in supplying electricity, and the knowledge gap and proposes possible energy 
solutions to address them.  
Chapter 3 presents the comparison of electricity tariffs and bills across the zones of 
Australian power distribution companies and the economic benefits and the payback 
periods of RPVs in Australia  
Chapter 4 presents the proposed approaches for the design of time varying feed-in 
tariff and community solar project 
Chapter 5 provides the study results for replacing flat rate feed-in tariff for RPVs with 
a dynamic one to consider technical, environmental, social, and geographical factors  
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Chapter 6 shows the results for the design criteria analysis of community solar 
projects to achieve the objectives of duck curve mitigation, peak shaving and self-
sufficiency. 
Chapter 7 demonstrates the techno-economic analysis of roof leasing assuming that 
the company rents the roof of a single households or a community housing. 
Chapter 8 has summarised the key findings of the research and discusses the future 
recommendations. 
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Chapter 2 Literature review 
In this chapter, some of the electricity supply challenges for the utilities and the techno-
economic benefits of RPVs with BES is discussed. A review of existing literature is 
also presented on feed-in tariff, community solar and solar leasing in this chapter. 
2.1. Electricity Tariffs and Bills  
Australia is the sixth largest country in the world in terms of the area while it is also 
among the countries with the lowest population density [41]. This presents severe 
challenges to the power companies especially those operating in the regional areas 
which have very low population densities. For example, in some cases, a power 
company may need to supply isolated communities with less than 100 people [42]. 
This makes the power transmission and distribution costs very high compared to other 
parts of the world. For example, the network infrastructure in Australia is around the 
same amount of as in the UK, but the population in Australia to share the costs is only 
a third of that in the UK [43]. These challenges result in the cost of electricity supply 
to the customers becomes very high. In some states, customers are paying high 
electricity prices, while in other states the state government is paying a massive 
subsidy to keep the power prices low for the customers. For example, the government 
of Western Australia is subsidizing on electricity bills of each household with 303 
Australian dollars ($) per year on average while the households in regional Western 
Australia receive even higher subsidies. 
Power distribution companies, also known as electricity utilities or distribution 
network operators, own and operate distribution network assets, i.e., substations, 
power transformers, poles, overhead wires and underground cables, etc. to deliver 
power from the transmission lines to the end-users consumers. They are responsible 
for the network maintenance, operation, and expansion. On the other hand, electricity 
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retail companies, also known as electricity retailers or providers, buy electricity from 
the wholesale market and sell this to consumers and bill them accordingly. They are 
the companies that a customer signs a contract to trade electricity from. Power 
distribution companies are always unique to a particular area; thus, a customer cannot 
choose its own Power distribution companies, but they may choose an energy retail 
company if multiple electricity retail companies are active in its area. 
The level of electricity consumption varies widely across different locations, as this 
mainly depends on climate, lifestyle, economic condition and the availability of gas 
supply for cooking or heating purposes. The cost of electricity paid by the consumer 
involves the cost of generation, transmission, distribution, retail, and taxes. Flat rate 
tariff is the most widely used residential tariff by Australian electricity retail 
companies, although some of them have recently introduced time-of-use tariffs. In flat 
rate tariff, the cost of electricity is same throughout the day and the year, and the 
customer is charged daily for electricity supply charge, on top of the cost of the 
consumed electricity, based on the electricity unit charge ,measured in cents per 
kilowatt hour (ȼ/kWh) for residential consumers. 
2.2. Economic Benefits and the Payback Periods 
The average solar radiation per square meter of Australia is the highest in comparison 
with any continent in the world [44]. Thus, a significant contribution can be made by 
RPV in the electricity generation market. Figure 2.1a shows solar irradiation in 
different states of Australia. Before analyzing the extent of benefits for installing RPV, 
it is interesting to find out the number of people that have chosen to install RPV in 
previous years. Figure 2.1b presents a comparison between the percentage of small 
scale RPV installed in Australia in the last few years. The data corresponding to the 
year 2010 reflects the percentage of RPV installed until 2010. As can be seen, the 
highest percentage of RPV installation has occurred in 2011 and 2012. From 2013 
onwards, there is a gradual decrease in RPV installation every year [45]. The number 
of installed RPV was approximately 1.51 million in Australia in December 2015. The 
contribution of the RPVs was 16.2% of the all the renewable energy generated in 
Australia in 2015, while the share of small scale RPV remains just 2.4% in the overall 
electricity generation [46]. Figure 2.2 shows that the highest number of RPV  





Figure 2.1 (a) Annual average solar irradition (megajoules per m2) in different states 
of Australia (b) Percentage increase in small-scale RPV installation in Australia from 
2010 to 2015. 
 
Figure 2.2 The number of small-scale RPV installed in Australian states and territories 
in the last 5 years. 
are installed in Queensland (QLD) constituting about 30.74% of overall installed RPV. 
New South Wales (NSW) and Victoria (VIC) also have a significant portion of RPV 
installations with 21.69 and 18.53%, respectively, while Western Australia (WA) and 
South Australia (SA) contribute to approximately 13% of total installed RPV. 
Tasmania (TAS) and Australian Capital Territory (ACT) have significantly less 
number of installed RPV compared to the other states with over 1%, while Northern 
Territory (NT) has the least number of RPV with just 0.36% of total Australian 
installed RPV [45]. 
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2.3. Feed-in Tariff 
To increase the penetration of renewable energies, governments have deployed 
renewable energy policies [47]. The goals of these policies are either displacing the 
role of conventional power generation by renewable sources, peak demand shaving by 
facilitating some renewable sources to contribute at the network peak demand period, 
or building renewable-based distributed generation systems for islands and remote 
areas, etc. One of the mechanisms that can help governments to achieve their 
renewable energy targets is the community engagement and more specifically the 
residential customers that install some sort of suitable renewable sources. Among 
many, RPVs are a possibility in many countries. Thereby, renewable energy policies 
have proposed feed-in tariff to financially encourage the residential customers to instal 
them. A technical report by Energy Consumers Australia states that 80% of Australian 
households have found the feed-in tariff as their basic motivation to invest in RPVs 
[48]. Thus, an efficient feed-in tariff can increase their penetration. 
In the last few years, there has been a lot of research on designing flat rate feed-in 
tariffs and defining suitable feed-in tariff policies to enhance the benefits gained from 
the renewables for all stakeholders. the  lists some of the major feed-in tariff types in 
the literature such as the fixed price, premium price, inflation-adjusted, and front-end 
loading. The fixed price feed-in tariff offers rates that are independent of the electricity 
spot price and can lower the investment risk. Providing a high degree of certainty on 
the feed-in tariff can induce the investments in RPVs [49]. The premium price feed-in 
tariff presents incentives when the electricity demand in the network is high, and 
thereby, can help in peak-shaving, which is a beneficial criterion for the utilities. The 
inflation-adjusted feed-in tariff provides added protection against the  
Table 2.1. Different types of feed-in tariff policies and the methodologies for feed-in 
tariff design. 
Feed-in tariff Policies Methodologies for feed-in tariff design 
• Fixed price 
• Premium price 
• Inflation-adjusted 
• Front-end loading 
• levelised cost of energy from renewable generation 
• VoE generated from renewables 
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Table 2.2. Comparison of feed-in tariff design methods based on renewable energy 
policy goals. 
Ref. Methodology Considered criteria PS DG CO IA DR RTP UF CF HCC 
[26] Monte Carlo Wholesale electricity price, avoided losses, market fees          
[28] NPV, Internal rate of return 
Costs of utility’s avoided electricity 
and electricity generation           
[53] Option valuation, optimisation 
Characteristics of RPVs, feed-in 
tariff duration, payoff structure          
[55] NPV Smart meter data, Output power of RPVs          
[56] NPV, least square digression rate Initial capital cost of RPVs          
[57] 
Real options, least 
square 
Monte Carlo  
NPV of RPVs, return from 
electricity sale, gain from carbon 
emission allowance, operation and 
maintenance cost 
         
[62] LCOE, optimisation 
Cost of diesel generators versus 
RPV-diesel hybrid system          
The 
Proposal Fuzzy logic 
VoE, Time of day, HC, Ambient 
temperature          
 
PS = Peak-shaving CO = Community ownership IA = Inflation adjusted 
DR = Demand response RTP = Real-time pricing UF = Utility-focused 
CF = Customer-focused HCC = Hosting capacity consideration DG: Distributed generation 
 
depreciation in the revenue and is an important security for the customers. On the other 
hand, the front-end loading feed-in tariff offers high payments at the beginning to help 
the customers to repay their loans quickly [50]. Comparing the above schemes, it can 
be seen that for residential RPVs, a market independent fixed price feed-in tariff is a 
very efficient one, mainly because of its lower investment risk. 
the also highlights two main methodologies for the design of feed-in tariff. The first 
one is based on the levelized cost of energy, calculated by accounting for all the  
capital and operational costs of RPVs divided by the expected energy contributed, both 
over its lifetime. The second approach considers the VoE of RPVs to the utility which  
may provide payments that are higher or lower than the actual electricity generation 
cost by RPVs [51]. The analysis in [52] highlights the importance of the feed-in tariff 
scheme and shows the correlation between the levelised cost of energy and two main 
economic parameters of NPV and payback periods. 
the shows the comparison of design of feed-in tariff proposed in literature. Based on 
[53], a feed-in tariff should aim at increasing the contribution of RPVs to the overall 
electricity demand while keeping the total burden on the utility under control. Ref. [54] 
has developed a feed-in tariff using a production-based learning, and states that it is 
Chapter 2. Literature review 
15 
important to offer subsidies in early stages of the project in the form of learning-by-
doing, and in its later stages in the form of economies of scale. 
Among the research focused on feed-in tariff for RPVs, [55] proposes to use the 
electricity demand data, as well as the output power of the RPVs, both captured by 
smart meters from the households, in designing the feed-in tariff and using financial 
techniques such as NPV while considering the initial capital costs of RPVs and the 
electricity tariff. Moreover, [56] proposes a feed-in tariff based on the forecasted price 
of RPVs and their depreciation rate using an NPV analysis, which comprises of the 
initial capital cost, the cash flows associated with financing the investment and the 
income generated by receiving the feed-in tariff. Ref. [57] has employed a real option 
method to assess the optimum feed-in tariff in China and calculates it using a backward 
dynamic algorithm and least-squares Monte Carlo method. In [58], energy sharing 
management is introduced according to feed-in tariff, and a billing mechanism is 
designed to deal with the uncertainty of RPVs and demand. It is suggested in [59] that 
feed-in tariff designers need to consider when it should be lower than the electricity 
tariff. A suitable example is the period of low electricity spot price at middays that 
coincides the high power generation by RPVs compared to the demand, which is 
counterproductive from the grid-balancing perspective. On the other hand, the 
technical impacts of RPVs on the network should not be ignored when designing a 
feed-in tariff. According to [60], the output power of RPVs should correlate with the  
electricity demand. Thereby, increasing the generated power of RPVs may not be 
always desirable if it leads to unacceptable variability in the network voltage profile. 
On the other hand, [61] suggests to design a curtailment (i.e., controlled reduction in 
the output of RPVs) compensation and feed-in tariff together to incentivise the 
investments in the installation of RPVs. 
In Australia, the Independent Pricing and Regulatory Tribunal publishes a benchmark 
range of feed-in tariff, which is calculated based on wholesale electricity price, avoided 
losses and market fees (by replacing conventional generators with RPVs) [25]. 
The feed-in tariff of remote areas has to be different from those at urban places to 
further encourage the customers to install RPVs, which is financially and technically 
more advantageous for the local utilities and customers of regional and remote towns, 
as discussed earlier. Only a few countries have implemented a feed-in tariff explicitly 
tailored for off-grid systems. An example is provided in [26] that proposes a feed-in 
tariff model for remote areas in Tanzania, using a combination of geographical, 
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technical, economic and institutional assessment. This study analyses the economic 
impacts of off-grid feed-in tariff on the NPV and payback periods at the community 
level to obtain the feed-in tariff. Another example is [62], which introduces a RPV-
diesel generator hybrid system for isolated communities and proposes a guaranteed 
premium for RPV over a specific period. In this method, the levelised cost of energy 
is calculated to estimate the savings and propose the feed-in tariff. 
As mentioned before, a flat rate feed-in tariff is a simple technique used by many 
governments and utilities around the world to increase the penetration of RPVs in their 
networks. However, as some countries are reaching high penetrations of RPVs, that 
are embedded within the low voltage distribution networks supplying households, they 
are experiencing technical problems such as reverse power flow, as well as voltage 
rise and unbalance [63-65]. This is more observed when the generation by RPVs 
exceeds the households’ demand considerably (e.g., at middays). Similarly, [46] shows 
that an increase in the penetration of RPVs in a feeder reduces the annual load factor 
of the feeder without a significant impact on the feeder’s peak power requirement. In 
[67], it is shown that, to accelerate demand response programs, it is essential to better 
align the residential electricity consumption with the output power of RPVs (i.e., by 
modifying the network peak period to coincide with the high power generation by 
RPVs). The California independent system operator pronounces excessive unused  
RPVs generation at middays followed by a decline in RPVs generation at network 
peak periods in the afternoons as a ‘duck curve’. This is mostly accompanied by 
voltage rise and drop problems in the feeders, which can impose significant technical 
burdens on utilities. It is pointed out in [68] that California independent system 
operator is exploring the opportunity to deal with the duck curve by modifying the 
tariffs and using a real-time tariff as a policy to encourage the customers for load 
shifting from network peak periods to middays. In the strategic plan for sustainable 
energy future by California independent system operator, it is also proposed that price 
transparency is necessary to enable consumers to make smarter choices on the level 
and time of energy usage [68-69]. Similarly, in [70], the National renewable energy 
laboratory proposes demand shifting through market-based incentives such as time-
varying prices to mitigate duck curves. Such a solution will encourage the customers 
to adjust their consumption pattern by shifting their peak power consumption to 
middays. Alternatively, they will install an energy storage system such as a BES to 
store the excessive energy from RPVs at middays and use it at network peak periods 
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to prevent any financial disadvantages, which will indirectly benefit the utilities. 
Modifying and advancing a better feed-in tariff can be used as a technique to address 
the new technical challenges of the utilities while providing better opportunities where 
required. For instance, [71] suggests a feed-in tariff-based policy to enhance grid 
support services through incorporating frequency and voltage support incentives. 
Designing feed-in tariffs in relation to resource quality can support grid-balancing 
costs through geographically dispersing renewable resources, thus improving the 
overall reliability of the network. Thereby, developing suitable feed-in tariffs can be a 
starting point of country-specific and tailored policy approach to support deployment 
of renewable energy in various country contexts. 
In these studies, the existing feed-in tariffs are compared from different technical and 
non-technical aspects. The assumed technical aspects are the possibility of RPVs 
contribution to peak-shaving at network peak periods, enhancing the participation of 
consumers in demand response schemes, as well as the considering the HC limit of the 
area. On the other hand, the considered non-technical aspects are encouraging the 
penetration of RPVs for remote areas, inspiring the community members in the 
ownership of energy generation systems versus utility-owned systems, taking into 
account the inflation rate, possibility of real-time pricing of the electricity generated 
by RPVs, as well as considering the financial benefit of customers versus utilities in 
the developed feed-in tariff. This comparison reflects that the feed-in tariffs proposed 
in [25, 53, 56-57] are uniform across a large area (such as a country) and are not very 
specific in terms of geographic location. Thereby, they do not consider any variations 
in the generated power by RPVs or consumed power by customers with respect to 
seasons and customers’ life style. As seen from Table 2.2, all feed-in tariffs in literature 
consider two factors of community ownership and inflation rate. Some of them (i.e., 
[26, 56, 62]) are utility-focused only while some others (i.e., [25, 53, 57]) consider the 
benefit of both customers and utility. On the other hand, some aim at increasing the 
penetration of RPVs in remote areas (i.e., [26, 57, 62]) while others cannot contribute. 
Only [53] proposes a feed-in tariff that is designed such that it can lead to peak-shaving 
in the network. Furthermore, none of the existing feed-in tariffs aim at facilitating 
demand response. 
All of the above discussed feed-in tariffs are flat rate and do not consider the frequent 
hourly or daily variations of load demand and the output of RPVs. Thus, they do not 
offer a real-time pricing for the generated power by RPVs. On the other hand, none of 
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them considers the HC limit of the area. Thus, they cannot contribute to the technical 
difficulties of huge generation from RPVs at middays, which causes duck curve power 
profiles in the network.  
2.4. Roof Leasing 
Comparison of the economic benefits of RPVs in Australia conducted in this thesis 
shows that the low flat rate feed-in tariff offered by the utilities in most states has 
increased the payback period. Solar leasing agreement with PPA can be beneficial in 
encouraging customers to install RPVs. Seasonal and DFiT  proposed in this thesis, 
can also be applied in case of solar leasing to increase the penetration of RPVs in 
desired locations. Therefore, a thriving solar leasing company should take into account 
the opportunities of making the solar leasing agreement more attractive for the 
customers. A literature review of the existing roof rental agreements shows that a solar 
leasing company sells the electricity generated by their RPVs at a discounted rate 
instead of paying a roof rental payment [72]. Another study shows that a solar leasing 
company pays the customer an annual rent as well as electricity at lower prices [73]. 
This thesis presents a sensitivity analysis evaluate the economic viability of solar 
leasing agreement for residential customers. Some critical parameters such as the 
desired interest rate, the existing feed-in tariff and the various ratings of RPVs are 
focused and analysed. 
2.5. Duck Curve Profile, Enabling Peak-shaving and Increasing Self-
sufficiency in Community Solar Projects 
The increased penetration of RPVs in residential households has reduced the carbon 
foot prints and helped in achieving the clean energy targets for the governments. 
However, the unmanaged increased penetration of RPVs has brought some design 
challenges, such as the reduced self-consumption, excessive export to the grid, causing 
duck curve profile while having very little impact on the network’s peak demand in 
most of the cases. These challenges can be addressed by employing BES or by 
modifying the costumers’ consumption pattern. However, achieving any of these 
objectives is not possible for most of the households, due to high prices of BES 
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particularly at residential level. Also, the households’ load profile cannot be shifted 
effectively in most cases without resulting in discomfort for them. 
A community solar project including a BES can be a viable alternative to address these 
challenges and achieve the targets of peak shaving while mitigating the undesired duck 
curve profile in the network. Community solar is usually referred to a group of 
households which may lack building ownership rights, who choose to purchase a 
portion of electricity from the neighbouring households in the community or from a 
solar facility located off-site [11]. Ref. [74] suggests that community solar is a better 
alternative in comparison with individual RPVs as the former allows the evenly 
distribution of generated energy. 
A comparison of the electricity tariffs across different Australian states and reflects 
that the technical and financial challenges of supplying electricity to rural and remote 
locations is very severe. As rural and remote communities are usually supplied by 
diesel generator, and operating costs of these can be reduced by replacing it with 
community solar comprising of RPVs and BES [75]. This thesis has also proposed a 
DFiT which encourages the penetration of RPVs within remote communities. 
Some studies have more specifically focused on peak shaving and self-sufficiency 
aspects. Self-sufficiency is the portion of electricity consumed by the residential loads 
that is not imported from the utility but supplied internally either by the RPVs or the 
energy stored in the BES [76]. Ref. [77] suggests that appropriate size of the system 
can be designed based on the customer load profile, considering both base and peak 
demand. Ref. [78] suggests that high BES discharge rate can restrict the ability of BES 
to address the demand at a reasonable level. Ref. [79] discusses that the appropriate 
size of BES is mainly influenced by the winter periods, as there may not be enough 
excess generation by the RPVs to charge the BES at the appropriate level. Ref. [80] 
has presented a technique for optimizing the generated energy by the RPVs and the 
charging/discharging of a BES to enhance cost savings. Ref. [81] has suggested the 
implementation of remotely-controlled BES for community solar as future work. In 
such a case household without RPVs in the community have such BES, which can be 
charged after the direct self-consumption and charging of BES. 
On the other hand, [79] suggests that peak shaving capability and excess generation 
from the RPVs exported to the utility grid is vital for a desirable grid integration. Ref. 
[82] proposes that if the system is designed based on achieving high self-sufficiency, 
it may lead to oversized BES, which may be undesirable from grid integration 
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perspective. Ref. [83] has suggested a technique to determine the probability of 
experiencing duck curve profile in the network when installing RPVs which can help 
in planning of power system with high penetration of RPVs. 
Most of the above studies have studied the opportunities that the RPVs can bring. 
However, they have not focused on proposing a comprehensive design criterion for 
community solar which could help in improving duck curve profile, enabling peak-
shaving and increasing self-sufficiency. This thesis has focused on this topic. 
2.6. Utility Network Support in a Community Solar Project 
2.6.1. Investment Strategy 
A community solar project can be in the form of ownership model (e.g., utility, third 
party, a special-purpose entity, created by customer/utility), or subscription model (i.e., 
buy or lease) [84]. Ref. [85] has discussed the social policies of perceived customer 
benefit, sources and trustworthiness of information, as well as the location and 
financing of the project. The impacts of physical, environmental and financial 
uncertainties are identified in [86] in developing a portfolio-based model which 
provides the solar leasing company with realistic financial indicators.  
The investment strategy, presented in the above literature, have been considered in the 
proposed community solar project in this thesis to achieve the desired objectives for 
the solar leasing company, customer and utility. However, the above studies have not 
addressed some crucial technical factors such as the grid integration aspects, the 
possibility of having BES, and observing self-sufficient off-grid customers. 
2.6.2. Design 
When designing RPVs and BES to achieve the desired technical and economic 
objectives, the concepts of energy self-consumption and self-sufficiency are important. 
self-consumption is that portion of the generated energy by the RPVs or supplied by 
the BES that is consumed by the electrical appliances inside the house. On the other 
hand, self-sufficiency is the portion of the consumed electricity by the customers that 
is not imported from the utility feeder [76]. 
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Ref. [12] has proposed an energy sharing methodology to improve self-sufficiency 
within a community solar project. Ref. [13] has recommended a control strategy for 
the BES to simultaneously enhance the self-consumption and frequency control. 
Likewise, [14] has proposed a control strategy for BES to simultaneously enhance self-
consumption and voltage control. Ref. [77] suggests that the consumer demand profile, 
including the base and peak quantities, has a significant impact on the appropriate size 
of the BES and the self-consumption. In [87], it is shown that the self-consumption of 
houses with shared a BES is higher than houses with individual BES. Ref. [88] has 
investigated the extent to which the BES capacity and power-to-energy ratio can 
increase the self-consumption. This study concludes that a power-to-energy ratio of up 
to 50% is feasible without having a major impact on the self-consumption. However, 
for BES with smaller capacities, a power-to-energy ratio of even up to 25% can 
significantly impact the self-consumption because of the faster-discharging problem. 
Ref. [78] suggests that undersized inverters can also be a hurdle, as there will be 
insufficient output power to address the demand at a reasonable level. Ref. [79] 
discusses that seasonal impacts should be considered when designing the appropriate 
sizes of the BES since enough excess generation may not be available from the RPVs 
to charge the BES to a reasonable level. 
The above studies provide a review of major design factors such as the self-
consumption, self-sufficiency, BES’s power-to-energy ratio, as well as seasonal 
variations, and the possibilities of a customer in becoming partially off-grid. Also, 
some studies have aimed at merging the self-consumption improvement with other 
objectives such as voltage/frequency control. However, these studies have either 
focused on a single customer or studied limited design objectives. To overcome this 
limitation, this thesis performs a comprehensive analysis for the design criteria of 
RPVs and BES within a community solar project. 
2.6.3. Grid Integration  
The technical challenges brought in by individual RPV installations such as high 
export of the generated energy during the day are discussed in [89]. The concepts of 
peak shaving and exporting the RPVs’ excess energy to the grid are two important grid 
integration issues [78]. Ref. [15] proposes a sizing strategy for BES with high 
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penetration of RPVs for voltage regulation and peak shaving simultaneously. Ref. [16] 
recommends an optimisation-based model to enhance peak shaving at utility feeders 
using BES. Ref. [17] suggests using a BES to mitigate the voltage rise within a 
community that has unmanaged penetration of RPVs. Ref. [18] proposes to influence 
the customers’ electricity consumption pattern by dynamically varying the price such 
that the remaining power of the households can be stored in BES to enhance the grid 
stability. Another alternative is proposed in [90] that considers the placement, sizing 
and the charge/discharge control of BES. However, it is shown in [82] that if the sizing 
of the RPVs and BES is only based on the desired level of self-sufficiency and 
economic incentives, it may lead to an oversized RPV without providing benefit for 
grid integration. Ref. [91] has suggested using BES to enhance the self-consumption 
while obtaining a higher RPV penetration level without affecting grid stability. 
Therefore, utilities employ grid integration guidelines and adopt feed-in limits. Ref. 
[78] has concluded that the NPV of RPV and BES does not decrease much when a 
BES’s capacity increases above the self-consumption’s optimal economic level. The 
above studies show the importance of peak shaving and managing the exported power 
to the utility with the help of RPVs and BES for individual households.  
2.6.4. Economic Analysis 
The key criteria for the economic evaluation of RPVs and BES have been reviewed in 
several works and the importance of factors such as the RPVs’ rating, BES power-to-
energy ratio (both determining the investment cost), the feed-in tariff and PPA tariffs, 
and the interest rate have been highlighted. As an example, [92] has conducted the cost 
analysis of BES and concludes that additional subsidies are required to make the 
investment in BES profitable for households. Ref. [88] has demonstrated that an 
economically shared BES is more attractive than individual BES. In [93], an 
optimisation model of RPV and BES has been developed for PPA tariff, considering 
the ratings of RPV and BES, the penetration level of RPVs, as well as the electricity 
unit charge and feed-in tariff. The profitability of an RPV and BES has been also 
examined in [94] and shows that the household’s demand, investment cost, feed-in 
tariff, electricity unit charge and interest rate have strong impacts on the systems’ 
NPV. Ref. [95] has shown that an RPV and BES are most economical when the RPV’s 
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Table 2.3. Factors usually considered on techno-economic studies of RPVs and BES. 
Ref. Study objective 








[15] Using BES for peak shaving and 
mitigating the negative impacts of 
RPVs 
      
[78] Peak shaving and self-consumption of 
optimally sized RPV and BES 
      
[79] Increasing the utilizability of BES and 
peak shaving 
      
[82] Dependency between self-sufficiency 
and grid integration 
      
[84] Design choice effect on cost and benefit 
sharing  
       
[85] Lesson learned from community solar 
projects in US 
      
[86] Sources of uncertainty for the economic 
assessment of uncertainties for 
community solar projects economic 
incentives 
      
[89] Performance evaluation of CSPs       
[90] Self-consumption economic analysis of 
RPV with BES  
      
[91] Optimal BES design in networks with 
many RPVs 
      
[93] Optimal design of RPV and BES for 
peer-to-peer energy trading 
      
[94] Increasing the profitability of RPV and 
BES  
      
[95] self-consumption optimisation and 
techno-economic analysis of RPV and 
BES 
      
This 
thesis 
Techno-economic analysis of SLA for 
multi-housing complex considering 
energy self-sufficiency, PS and duck 
curve profile mitigation  
      
 
peak power is twice of the customer’s peak demand. Ref. [96] has proposed a method 
to find the energy and power capacity of BES to minimise the operational costs. 
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However, the above studies have not considered the prospects of a solar leasing 
company for community solar project. studies show the importance of peak shaving 
and managing the exported power to the  summarises the above discussions. As seen 
from Table 2.3, some of the above-mentioned studies have addressed the community 
solar project’s policy, design and economic viability aspects; however, they have not 
considered the challenges that are faced by the utilities (e.g., peak demand and the high 
exported energy to the grid). On the other hand, studies which have considered the grid 
integration are only focused on individual customers but not the solar leasing 
companies. Neither have they considered important factors such as the efficiency of 
the RPVs and BES, the minimum state of charge (SoC) of the BES, and the roof rental 
payment made by the solar leasing company. To fill these gaps, this study conducts a 
more comprehensive economic viability study for community solar projects 
considering these factors. 
2.7. Summary 
The literature review discusses the challenges of supplying electricity in remote and 
rural location, and further discusses the economic feasibility of RPVs and BES. The 
literature review of FiT highlights the shortcoming of existing flat rate FiT and how 
this feed-in tariff has resulted in un-managed penetration of RPVs and has affected 
grid stability. These issues can be address by a time varying feed-in tariff. In addition 
to that the current research work on community solar and solar leasing highlights the 
gap in literature, and presents the need for a comprehensive study which covers the 
technical aspects for the grid integration, peak shaving, self-sufficiency and economic 
aspects at the same time. 
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Chapter 3 Electricity Tariffs and Rooftop 
Economic Benefits in Australia 
This chapter presents a comparison of the electricity supply charge and electricity unit 
charge for the zones supplied by all power distribution companies across Australia. 
Then, a comparison of the electricity bill of a typical household, if located in different 
states and the zones of different power distribution companies is presented. Through 
this analysis, a study is carried out to compare the average annual electricity bills of 
each power distribution companies with the national average annual electricity bills. 
3.1 Australian Power Distribution Companies 
The power distribution companies active in electricity network operation in each state 
and territory of Australia are introduced below. It is to be noted that the data are valid 
when this study was conducted (i.e., in 2016) and the presented numerical data may 
have slightly changed since then. 
In New South Wales (NSW), there are three Power distribution companies, namely 
Endeavour Energy, Ausgrid, and Essential Energy. A comparison between their 
coverage area, their number of customers and their customer densities are depicted in 
Figure 3.1. Note that customer density is defined as the number of customers per km 
of the feeder. 
Essential Energy has the biggest network area to cover, i.e., 7.37 million square 
kilometer, comprising 94% of the total distribution network in the state; however, its 
customer share is only 17% of the state’s customers. This company supplies power  
distribution services to more than 800,000 customers of the state through 200,000 km 
of power lines/cables. It covers most of the regional area and parts of southern 
Queensland [106]. 








Figure 3.1. Comparison of the coverage 
area, the total number of customers, and 
the customer density of Power 
distribution companies in NSW. 
Figure 3.2. Comparison of the coverage 
area, the total number of customers, and 
the customer density of Power 
distribution companies in Queensland. 
Endeavour Energy is having the biggest share of NSW electricity distribution sector, 
in terms of providing power distribution services to approximately 47% of the 
customers of the state. This company mainly supplies Sydney’s Greater West, Blue 
Mountains, Southern Highlands, Illawarra, and the South Coast. Its network covers an 
area of 24,500 sq km and is supported by 35,000 km of power lines/cables. This 
company has approximately 63 customers per km of route length of its lines [97]. 
In NSW, approximately 1.68 million of electricity consumers are using Ausgrid’s 
electricity network. Its distribution network is spread over an area of 22,275 sq km 
from areas between Waterfall in the south, Auburn in Sydney’s western suburbs and 
north to the Upper Hunter township of Barry. The network uses 50,000 km of 
lines/cables to provide electricity to approximately 33 customers on average per km of 
route length of lines [98]. 
Queensland is supplied by two Power distribution companies, namely Energex and 
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Ergon Energy. A comparison between their coverage area and their number of 
customers and their customer densities are depicted in Figure 3.2. 
Energex is providing power distribution services to 1.4 million customers, comprising 
66% of the electricity consumers of the state through covering an area of 25,000 sq 
km. It owns approximately 52,000 km of power lines/cables and has about 27 
customers per km [99]. 
Ergon Energy is a Power distribution companies as well as an energy retail company. 
It is a Queensland state-owned corporation, which covers almost 99% of the 
distribution network area of the state and captures 34% of the electricity consumers of 
the state. Its network is expanded from coastal and rural population centers to remote 
communities of outback Queensland and the Torres Strait. It has a very low customer 
density with approximately 4.58 customers per km [100]. 
In Victoria states five Power distribution companies are operating in Victoria, namely 
Ausnet, Citipower, Jemena, Powercor, and United Energy. Figure 3.3 compares the 
coverage area, the number of customers, and the customer density for these Power 
distribution companies. 
Ausnet owns and operates 80,000 sq km distribution network in Victoria, covering the 
second largest network area in Victoria. One-quarter of the electricity customers in 
Victoria are using Ausnet’s power distribution services. Its network route length is 
50,000 km and supplies approximately 14 customers on average in every km [101].  
CitiPower is mainly operating in Melbourne and its inner suburbs, supplying 43 
customers per km and is spread over 7,400 km [102].  
Jemena owns and operates distribution network covering an area of less than 1000 sq 
km of northwest greater Melbourne and serves 12% of electricity customers in Victoria 
customers on average per km [103]. CitiPower and Jemena serve an almost equal 
number of customers in the state. Powercor covers an area of over 145,000 sq km, 
making it Victoria’s largest electricity distribution network. About 28% of the state’s 
electricity consumers (i.e., 750,000 customers) are using Powercor’s power 
distribution services, which mainly operates in the central and western Victoria, 
including Melbourne’s western suburbs [102]. 
United Energy is providing power distribution services to 23% of electricity 








Figure 3.3. Comparison of the coverage 
area, the total number of customers, and 
the customer density of Power 
distribution companies in Victoria. 
Figure 3.4. Comparison of the coverage 
area, the total number of customers, and 
the customer density of Power 
distribution companies in Western 
Australia. 
consumers in Victoria using a network spread over an area of less than 1,500 sq km, 
with 49 customers per km. The power lines/cables are spread 13,000 km across the 
east and southeast Melbourne and the Mornington Peninsula [104]. 
Western Australia has two Power distribution companies, namely Western Power and 
Horizon Power. A comparison between their coverage area and their number of 
customers are depicted in Figure 3.4. 
Western Power mainly covers the southwest corner of the state through 98,000 km of 
power lines/cables with approximately 10 customers per km. Its power distribution 
services are spread over an area of 255,000 sq km and it serves over 1 million 
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customers (i.e., about 96% of the power consumer in the state) [105]. 
Horizon Power is mainly covering Pilbara, Kimberley, Gascoyne, Midwest and 
southern Goldfields regions. Over 46,000 customers use the power distribution 
services of Horizon Power through 8,000 km of power lines/cables. Its network covers 
customers living over an area of roughly 2.3 million sq km, covering 90% of the state. 
This makes Horizon power covering the biggest area with least amount of customers 
in the world with only one customer for every 53.5 sq km [106]. 
In Australian Capital Territory (ACT) ActewAGL is the only Power distribution 
companies operating. This company has 195,000 customers, and it covers an area of 
less than 2,500 sq km through 5,000 km of power lines/cables. ActewAGL serves 
approximately 39 customers on average per km [107]. 
In South Australia SA Power Networks is the only Power distribution company, and 
it covers an area of 178,000 sq km and supplies 850,000 customers. SA power network 
is made up of 200,000 km length of power lines/cables with a low customer density of 
approximately 4 customers per km [108]. 
TasNetworks is a Tasmanian state-owned corporation and has built a network area of 
68,000 sq km to serve 280,000 customers in the state. The network contains 22,400 
km of power lines/cables and has a customer density of 12.5 per km [109]. 
In Northern Territory, the Power & Water Corporation owns and operates 1.3 million 
sq km of distribution network area to supply approximately 243,700 customers. The 
distribution network consists of more than 7,300 km of power lines/cables [110]. 
3.2 Electricity Tariffs in Australia 
In Australia, similar to most other countries in the world, the electricity tariffs for 
residential sector are made up of a fixed charge and a variable charge. The fixed charge 
is the daily electricity supply charge, and it does not depend on the amount of 
consumed power. The variable charge is the electricity unit charge, and it depends on 
the actual usage of power by the consumer. In addition to these charges, consumers 
pay some related taxes.  
In some states, there are a number of electricity retail companies operating; as an 
example, Victoria has 18 electricity retail companies [111] while in some states such  
as Tasmania and Northern Territory there is only one energy retail company. In the 
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Table 3.1. Comparison of the average electricity tariffs of the Power distribution 
companies of NSW. 
 Endeavour Energy AusGrid Essential Energy 
Electricity unit charge [ȼ/kWh] 24.93 (0) 25.00 (0.28%) 27.41 (9.95%) 
Electricity supply charge [ȼ/day] 81.10 (2.63%) 79.02 (0) 138.35 (75.09%) 
 
states where multiple electricity retail companies are operating in the zone of one 
Power distribution companies, average tariff of three electricity retail companies of 
Origin Energy, Energy Australia, and Powerdirect has been calculated and considered 
as the average costs as these electricity retail companies are operating in all states and 
territories except Tasmania, Western Australia, and Northern Territory. 
3.2.1 New South Wales 
 
as Tasmania and Northern Territory there is only one energy retail company. In the 
Table 3.1 presents a comparison between the electricity supply charge and the 
electricity unit charge by the average of NSW’s three electricity retail companies. It 
can be seen that the average electricity unit charge of Endeavour Energy and Ausgrid 
are almost equal; however, the average electricity unit charge of Essential Energy is 
9.95% higher than that of Endeavour Energy. It can also be seen that the average 
electricity supply charge of Ausgrid is the lowest as the average electricity supply 
charge of Endeavour Energy and Essential Energy are respectively 2.63 and 75.09% 
higher than that of Ausgrid. Note that in each row of this table, the minimum value is 
considered as the base and shown as (0), and the difference of the other values is shown 
as a percentage versus the base value [112-114].  
3.2.2 Queensland 
Table 3.2 presents a comparison between the electricity tariffs by Queensland’s 
electricity companies. In the distribution zone of Energex, the charges are based on the  
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Table 3.2. Comparison of the average electricity tariffs of the Power distribution 
companies of Queensland. 
 Ergon Energy Energex 
Electricity unit charge [ȼ/kWh] 24.46 (0) 24.46 (0) 
Electricity supply charge [ȼ/day] 117.40 (0) 128.03 (9.05%) 
 
average of three energy retail companies while in the distribution zone of Ergon 
Energy, the charges are based on Ergon Energy retail tariff. This shows that electricity 
unit charge is almost same across the state; however, the average electricity supply 
charge of Energex zone is 9.05% higher than the one of the Ergon Energy [112-115]. 
3.2.3 Victoria 
Table 3.3 presents a comparison between the electricity supply charge and the 
electricity unit charge based on the average of three Victoria’s electricity energy retail 
companies. The average electricity unit charge of Citipower distribution zone is the 
lowest with 23.61 ȼ/kWh, while the average electricity unit charge of United Energy, 
Powercor, Jemena and Ausnet zones is respectively 9.19, 12.92, 16.52, and 20.67% 
higher than the one of the Citipower. On the other hand, the average electricity supply 
charge of United Energy is the lowest with 110 ȼ/day, and the average electricity 
supply charge of Jemena and Citipower are slightly higher than that of United Energy 
with 4.72 and 5.32%. The average electricity supply charge of Powercor and Ausnet 
are significantly higher than the one of United Energy with 16.83 and 21.80%, 
respectively [112-114]. 
3.2.4 Other States and Territories 
For ACT, the electricity tariffs of Origin Energy, Energy Australia, and Powerdirect 
gives on average electricity supply charge of 77.54 ȼ/day and an average electricity 
unit charge of 18.15 ȼ/kWh [112-114]. For South Australia, the electricity tariffs of 
these energy retail companies gives an average of electricity supply charge of 77 ȼ/day 
and electricity unit charge of 32.04 ȼ/kWh [112-114]. For Western Australia, the 
average of the tariffs of the energy retail companies gives an electricity supply charge 
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of 47.18 ȼ/day and an electricity unit charge of 25.70 ȼ/kWh [116,117]. The only 
energy retail company operating in Tasmania is Aurora Energy, which offers 
electricity with an electricity supply charge of 89.39 ȼ/day and an electricity unit 
charge of 25.20 ȼ/kWh [118]. Jacana Energy is the only energy retail company 
operating in Northern Territory and offers electricity with electricity supply charge 
of50.35 ȼ/day and electricity unit charge of 25.54 ȼ/kWh [119]. 
Table 3.3. Comparison of the average electricity tariffs of the Power distribution 
companies of Victoria. 
 Citipower United Energy Powecor Jemena Ausnet 























Figure 3.5. Comparison of the electricity prices by different ERCs operating in the 
zones of the PDCs of NSW.  
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3.3 Annual Electricity Bills Charged by the Energy Retail Companies in the 
Zones of Power Distribution Companies 
To provide a comparison for the energy bills of the customers, it is assumed that the 
average power consumption of a typical small household in Australia is 5,500 kWh 
per annum [120]. Also, the flat rate tariff is used in the calculations. The presented 
total payable amount by a customer includes taxes as well. 
3.3.1 New South Wales 
Figure 3.5 illustrates a comparison of the annual electricity bills of a household if 
supplied by different energy retail companies in NSW. The annual electricity bills may 
vary in the range of 1,489 to 2,011 $. This implies that, depending on the physical 
location of a customer and the selected retailer, the annual electricity bills may rise by 
up to 35%. It can also be seen that, among the energy retail companies, some have 
lower costs; even though it is different for the zones of each Power distribution 
companies. As an example, it is found that Origin Energy is offering the lowest prices 
in the zones of all three Power distribution companies of NSW. For example, in the 
covered area of Endeavour Energy, electricity prices of Powerdirect and Energy 
Australia are respectively 9.94 and 12.96% higher than that of Origin Energy. 
3.3.2 Queensland 
 
Table 3.4 illustrates a comparison of the annual electricity bills of a household if 
supplied by different energy retail companies in Queensland. The annual electricity  
Table 3.4. Comparison of the annual electricity bills for a customer by different energy 
retail companies operating in the zones of the Power distribution companies (Ergon 
Energy and Energex) of Queensland. 
   Origin Energy Energy Australia Powerdirect 
$/year 1,774 (0) 1,813 (2.20%) 1,813 (2.20%) 1,812 (2.14%) 
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bills of the customer are the minimum if located in the distribution zone of Ergon 
Energy and supplied by Ergon Energy retail. For a customer at the distribution zone of 
Energex, the annual electricity bills are more or less equal when supplied by any of the 
energy retail companies; however, it will be 2.2% larger than the one of Ergon Energy. 
3.3.3 Victoria 
Figure 3.6 illustrates a comparison of the annual electricity bills of a household if 
supplied by different energy retail companies in Victoria. The annual electricity bills 
may vary in the range of 1,716 to 2,103 $ which implies the possibility of an increase 
in the annual electricity bills up to 23%, depending on the physical location of a 
customer and the selected retailer. In this state, the annual electricity bills of the 
customer will be the minimum when supplied by Powerdirect in the distribution zones 
of Ausnet, Powercor and United Energy while it will be higher in the distribution zone 
of Jemena versus an another energy retail company and almost equal with the other 
two energy retail companies in the distribution zone of Citipower. 
 
 
Figure 3.6. Comparison of the annual electricity bills for a customer by different 
energy retail companies operating in the zones of the Power distribution companies of 
Victoria. 
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3.3.4 Other States and Territories 
Table 3.5 illustrates a comparison of the annual electricity bills of a household if 
supplied by different energy retail companies in ACT. As seen from this table, the 
annual electricity bills of the customer will be in a relatively close range (with less 
than 0.1% difference), when supplied by any of the energy retail companies. 
Table 3.6 illustrates a comparison of the annual electricity bills of a household if 
supplied by different energy retail companies in South Australia. From this table, it 
can be seen that the annual electricity bills of the customer may vary in the range of  
1,985 to 2,189 $, depending on the selected energy retail company. In this state, the 
annual electricity bills are the lowest when the customer is supplied by Powerdirect, 
while the annual electricity bills will be higher by 5.79 and 10.24% respectively when 
the customer is supplied by Origin Energy and Energy Australia. In the case of Western 
Australia, Northern Territory and Tasmania, the annual electricity bills of a customer 
are the same throughout the respective state. The annual electricity bills for the energy 
retail companies of Western Australia is the same and is 1,586 $/year. For Tasmania, 
the annual electricity bills of a household become 1,712 $/year while the same 
customer in Northern Territory will pay a total of 1,588 $/year. 
Table 3.5. Comparison of the annual electricity bills for a customer by different energy 
retail companies operating in the zones of the Power distribution company 
(ActewAGL) of ACT. 
 Origin Energy Powerdirect Energy Australia 
$/year 1,226 (0) 1,283 (0.08%) 1,334 (0.09%) 
Table 3.6. Comparison of the annual electricity bills for a customer by different energy 
retail companies operating in the zones of the Power distribution company (SA Power) 
of South Australia. 
 Powerdirect  Origin Energy Energy Australia 
$/year 1,985 (0) 2,101 (5.79%) 2,189 (10.24%) 
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3.4 Australian National Average Annual Electricity Bills 
Now, let us consider an overall comparison across Australia based on the annual 
electricity bills paid by consumers living in different distribution zones. Figure 3.7 
shows a national comparison of the annual electricity bills of a household across 
different Power distribution companies in Australia based on individual residential flat 
rate tariff and 5,500 kWh of electricity consumption. This figure shows that the 
national average annual electricity bills across all zones of the Power distribution 
companies of Australia is 1,766 $, depicted by the solid line, while it has a standard 
deviation of 207 $, illustrated by dashed lines. Considering the average annual 
electricity bills and the 1,559 $ of the lower limit and 1,974 $ of the upper limit, the 
electricity prices are categorised into cheap, expensive, very cheap, and very expensive 
ones. The Power distribution companies that their calculated annual electricity bills 
fall between the average and the upper limit are considered expensive while those with 
a calculated annual electricity bills falling between the average and the lower limit are 
considered as cheap. Similarly, the Power distribution companies that their calculated 
annual electricity bills are above the upper limit is thought as very expensive while  
 
Figure 3.7. Comparison of the average annual electricity bills by different energy retail 
companies operating in the zones of the Power distribution companies with the 
national average annual electricity bills. 
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those that their calculated annual electricity bills fall below the lower limit are thought 
as very cheap. Six Power distribution companies operating in Australia have electricity 
prices which are categorised expensive. The average electricity bill for a customer of 
Essential Energy in NSW is 10% higher than Australia’s national average annual 
electricity bills. The residents of Queensland that are supplied by Power distribution 
companies of Energex and Ergon Energy have annual electricity bills slightly above 
the national average annual electricity bills with 2.62% and 0.43% respectively. Three 
Power distribution companies of Jemena, Powercor, and United Energy in Victoria 
also have expensive annual electricity bills with respectively 9.44, 9.54, and 2.96% 
above the national average annual electricity bills. 
The customers in the zones of seven Power distribution companies have annual 
electricity bills in the cheap category. The annual electricity bills of the customers in 
the zones of Power distribution companies of Western Power, Horizon Power, and 
Power & Water Corporation is approximately 10% lower than the national average 
annual electricity bills. The customers in the zones of Power distribution companies of 
Endeavour Energy and Ausgrid have annual electricity bills of 9.27 and 8.26% lower 
than the national average annual electricity bills. A customer in the zone of Power 
distribution companies of Citipower and TasNetworks has annual electricity bills 
which are 2.58 and 3.06% lower than the national average annual electricity bills.  
The customers in the zones of two Power distribution companies of Ausnet in Victoria 
and SA Power Networks in South Australia experience very expensive annual 
electricity bills with respectively 17.06 and 18.41% higher than the national average 
annual electricity bills. Only the customers in the zone of the ActewAGL Power 
distribution companies of ACT experience a very cheap annual electricity bills as they 
pay 27% lower than the national average annual electricity bills. 
3.5 Factors Affecting Economic Benefits of RPV 
There are 5 major factors which affect the economic benefits that a household can get 
from installing a RPV. These are the rating (capacity) of the RPV, the pattern of 
electricity consumption by the household, the location of the household, electricity 
consumption charge and feed-in tariff offered by the utility supplying that house. 
These factors are discussed below: 
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3.5.1 Rating of RPV 
The first factor that affects the extent of the economic benefits from RPV is the rating 
of the RPV. Unlike previous years in which the feed-in tariff of RPV was much larger 
(almost double) of the electricity tariffs, currently, there is not much financial 
advantage of sending the excessive energy generated by the RPV back to the grid in 
most states of Australia. RPV which delivers most of the household energy needs 
during the day in winter without generating much surplus energy would be the best 
option. Thereby, the time of maximum energy consumption of a household is also an 
important factor which needs to be considered while deciding on the rating of the RPV. 
3.5.2 Pattern of Electricity Consumption 
The second factor that needs to be considered is the pattern of electricity consumption 
of the household. If the household uses most of its energy consumption during the day 
time, it will be more beneficial to install RPV. However, if the electricity consumption 
is more during the evening and night, then BES may be required with the RPV to store 
the energy generated by the RPV during the day and utilised during evening and night. 
3.5.3 Location of RPV 
The third factor is the location of the RPV installation. As the intensity and duration 
of solar radiation vary highly with the location as shown in Figure 2.1a so is the amount 
of energy generated by RPV. Table 3.7 shows the expected amount of energy 
generated by a 2, 3, and 5 kW RPV across different states of Australia. As seen, the 
lowest amount of solar energy is produced in TAS, and the energy produced in VIC 
and NSW is slightly 2.85 and 11.43% higher than TAS. Due to more sunshine, the 
energy generated by the RPV in QLD and SA are about 20% greater than TAS. ACT 
consumers also benefit more from the RPV compared to TAS with energy generation 
almost 23% higher than TAS, WA and NT energy production from RPV are nearly 
25% greater than TAS [121]. 
This annual RPV generation can be compared with the energy requirement of a typical 
household to find out the RPV rating of that particular household. However, it should 
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be noted that this table reflects the expected annual generation and the RPV output can 
be significantly less during winter, and it may be higher during summer. 
3.5.4 Electricity Unit Charge and Electricity Supply Charge 
The fourth factor that affects savings from RPV is the electricity unit charge and 
electricity supply charge. The payback period of the RPV substantially depends on 
these values. As shown in Table 3.8, ACT has the lowest electricity unit charge while 
SA has the highest (being 77% higher than the one of ACT). WA has the lowest 
electricity supply charge while NSW and VIC have the most expensive ones. If 
electricity unit charge and electricity supply charge are higher, householders can save 
more by installing the RPV. Thereby, in SA where electricity prices are higher 
compared to other states, householders can get the most financial benefit if they install 
the RPV while the householders of ACT will have smaller savings from installing RPV 
as the electricity prices are low. 
3.5.5 Feed-in Tariff 
The 5th affecting factor is the feed-in tariff. During the periods of low power 
consumption, RPV sometimes produces more energy than required by the household. 
Thus, the surplus energy can be fed back into the grid. The consumer may qualify for 
an incentive on their electricity bill based on the energy sent back. This feed-in tariff 
is mainly funded by the state government, retailer, or combination of both [122]. A 
few years back, when the feed-in tariff was high, the RPV could pay for itself in less 
than five years in several states of Australia; but due to the reduction of feed-in tariff,  
Table 3.7. The average amount of energy generated [kWh]. per year by RPV  
Rating 
[kW] 
NT WA ACT QLD SA NSW VIC TAS 
5 8030 8030 7848 7665 7665 7118 6570 6388 
3 4818 4818 4708 4599 4599 4271 3942 3833 
2 3212 3212 3139 3066 3066 2847 2628 2555 
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most of the new RPV installations are now taking a bit longer to pay off [123]. This 
decrease in feed-in tariff has also reduced the number of installed RPV. 
As shown in Table 3.8, the feed-in tariff of VIC is the lowest with just 5 ȼ/kWh while 
the feed-in tariff of ACT, QLD, and NSW is 20% higher than the one of VIC. The  
 
feed-in tariff of TAS and WA is 33 and 43% higher than that of VIC. The feed-in tariff 
of NT is significantly higher, and it is more than 5 times of the one of ACT. In fact, 
for NT the electricity unit charge and the feed-in tariff are equal [124-125]. Horizon 
power in WA has a feed-in tariff, which is unique from other utilities. Horizon power 
is offering different feed-in tariff in various towns according to the requirement 
and number of RPV. For example, in Derby, the feed-in tariff is 7.14 ȼ/kWh while it 
is 50.55 ȼ/kWh in some towns like kalumburu. Some towns like Exmouth, Denham, 
and Broome, have reached their maximum technical limitation of installing RPV, and 
Horizon power currently does not any incentive of installing new RPV in those towns 
[126]. In order to design a suitable and effective feed-in tariff pricing, feed-in tariff 
and customer engagement should be considered in a long-term electric distribution 
planning along with other network solutions in such networks [127]. In addition, study 
in other countries show that using PV and distributed generation has an effect on loss 
of distribution network [128]. Therefore, it is important to have an optimum feed-in 
tariff to reduce network loss as well. 
3.6 Economic Benefit of RPV in Australia 
An RPV of 2 kW is enough for running all of the appliances of a small household at 
its full capacity except air conditioners. However, to achieve a complete solar self-
sufficiency, a 3-5 kW RPV is required which is capable of supplying air conditioners  
Table 3.8. The average values of electricity unit charge (EUC), electricity supply 
charge (ESC), and feed-in tariff (FiT) across Australia [$]. 
 NT WA ACT QLD SA NSW VIC TAS 
EUC 25.54 25.70 18.15 24.46 32.04 25.78 26.41 25.20 
ESC 50 47 77 123 77 99 120 89 
FiT 25.54 7.135 6 6 6.8 6 5 6.671 
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as well [129]. The economic benefits of installing a 3 and 5 kW RPV across different 
states of Australia are analysed below. 
The household assumed in this thesis has an annual electricity consumption of 5,500 
kWh which matches closely with the energy requirement of a typical Australian 
household [130]. In Scenario-1 and 2, a household is assumed to have installed a 3 and 
5 kW RPV, respectively. The electricity consumption pattern of the household is 
considered to be such that it can benefit from half of the electricity generated by the 
RPV while the remaining half is sent back to the grid. The remaining energy 
requirements of the household are met by the grid when electricity generation by the 
RPV is not available. 
In Scenario-3, the household has installed a 5 kW RPV with a BES which meets 90% 
of the energy requirements of the household, and the remaining 10% of the energy 
requirements will be fulfilled by the grid. Note that, in winter, during many days of 
bad weather; the RPV may not be able to fill up the BES and the household may need 
to rely on the grid on the evening and night [131]. The Surplus energy is also fed to 
the grid and credit amount is reflected in the bills. 
The feed-in tariff is not always available for the households when a BES is installed. 
In most states like WA, ACT, QLD, SA and NSW, the feed-in tariff is not available if 
a BES is installed or the utilities only allow the customers to install non-exporting 
batteries. On the other hand, the feed-in tariff remains unchanged after the installation 
of the BES in NT, TAS, and VIC [132-134]. In Scenario-4, a household installs a 5 
kW RPV with a BES with the same parameters as of Scenario-3, except the fact that 
the feed-in tariff is not available for the states mentioned above. 
The cost of RPV is highly variable and depends on the brand of RPV, electricity 
retailer, and the location of installation. In making the comparison of the payback 
period, the prices of the RPV, given in [17], are considered. Later in the analysis, the 
same APR is also considered across Australia. 
A BES for the RPV is expensive. However, there is a good sign that their prices are 
falling rapidly and it is forecasted that this trend will continue. As an example, 
according to a report by the Australian Climate Council, the prices of RPV are 
decreased 14% per annum on average between 2007 and 2014, and it is expected that 
within next five years’ prices will halve again [18]. Therefore, it is expected that the 
payback period of RPV along with BES will reduce significantly in coming years. 
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3.6.1 Scenario-1: 3 kW RPV 
Table 3.9 shows the annual electricity bills of a typical household before and after the 
installation of a 3 kW RPV in different states of Australia. The difference between 
these two values is also calculated and referred to as the annual savings of installing 
the RPV. In the case of NT, after the installation of RPV, the annual electricity bills 
are reduced by 77%. In the case of WA, the annual electricity bills is reduced to almost 
half of the previous bills. The annual electricity bills for ACT, QLD, SA, NSW and 
TAS are reduced to 44, 39, 44, 38, and 36%, respectively. The least reduction in the 
annual electricity bills is for VIC with 33%. As shown in Table 3.9, the RPV prices  
are highest in NT and lowest in WA. Based on these estimates, the payback period of 
RPV varies from 5 to 11 years. 
Another analysis is carried out which assumes the price of RPV to be same throughout 
Australia. Then, the payback period of the RPV becomes only 4 years in NT because 
the solar irradiance is more and the feed-in tariff is much higher compared to other 
states. The payback period in TAS and VIC is double than the one in NT (almost 8 
years), mainly because of less solar irradiance and lower feed-in tariff. The payback 
period in SA is much shorter compared to many other states and is 5 years. The 
payback period in QLD and NSW is 7 years while it is 6 years in WA. In ACT, the 
payback period is 9 years which is the highest compared to other states of Australia. 
As electricity prices are lowest in ACT, there is less margin for annual savings. In 
Table 3.9. Analysis results for Scenario-1 showing annual electricity bills (AEB) and 
annual savings (AS). 
 NT WA ACT QLD SA NSW VIC TAS 
AEB without RPV [$] 1,588 1,586 1,281 1,793 2,044 1,781 1,893 1,712 
AEB with RPV [$] 358 795 713 1,093 1,151 1,102 1,273 1,101 
AS [$] 1,231 791 568 700 893 679 619 611 
 RPV actual Price [$] 9727 4005 5275 4500 4781 4705 5354 6431 
 PBP [year] 8 5 9 6 5 7 9 11 
 RPV average Price [$] 4891 4891 4891 4891 4891 4891 4891 4891 
 PBP [year] 4 6 9 7 5 7 8 8 
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Table 3.10. Analysis results for Scenario-2. 
 NT WA ACT QLD SA NSW VIC TAS 
AEB without RPV [$] 1588 1586 1281 1793 2044 1781 1893 1712 
AEB with RPV [$] –462 267 334 626 556 650 861 694 
AS [$] 2051 1318 948 1167 1489 1131 1032 1018 
RPV actual Price [$] 11400 5714 7155 6386 6896 6501 7270 8801 
PBP [year] 6 4 8 5 5 6 7 9 
RPV average Price [$] 7515 7515 7515 7515 7515 7515 7515 7515 
PBP [year] 4 6 8 6 5 7 7 7 
 
addition to that, the feed-in tariff in ACT is also not very attractive for a new customer 
to get their money back in a short period. 
3.6.2 Scenario-2: 5 kW RPV 
Table 3.10 shows the annual electricity bills of a typical household before and after 
the installation of a 5 kW RPV across different states of Australia. The highest annual 
electricity bills reduction is in NT’s household (129% reduction) while WA’s 
household has the second highest reduction (83% reduction). ACT and SA’s household 
experience the 3rd and 4th highest reduction (74 and 73% reduction, respectively). The 
lowest reduction in annual electricity bills is observed for VIC, TAS, NSW, and QLD 
households respectively with a 55, 59, 64, and 65% reduction. Table 3.10 also shows 
the payback period of this RPV. Assuming a different price for the RPV [132], payback 
period varies from 4 to 9 years; however, considering the same average price across 
Australia, NT is find to have the shortest payback period (4 years) while the payback 
period in VIC and TAS is found to be 99 and 101% higher than the one in NT. 
3.6.3 Scenario-3: 5 kW RPV with BES 
Table 3.11 shows the annual electricity bills of a typical household before and after 
the installation of a 5 kW RPV along with a BES across different states of Australia. 
It is also assumed that the feed-in tariff considered in scenario-2 is also applicable. 
From this table, it can be seen that the annual electricity bills of NT is negative which 
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Table 3.11. Analysis results of annual electricity bills (annual electricity bills) for 
Scenario-3 assuming the applicability of feed-in tariff. 
 NT WA ACT QLD SA NSW VIC TAS 
AEB without RPV [$] 1588 1586 1281 1793 2044 1781 1893 1712 
AEB with RPV [$] –462 94 209 420 273 375 504 369 
AS [$] 2051 1492 1072 1374 1771 1406 1388 1343 
RPV actual Price [$] 20200 14514 15955 15186 15696 15301 16070 17601 
PBP [year] 10 10 15 11 9 11 12 13 
Price average Price [$] 16315 16315 16315 16315 16315 16315 16315 16315 
PBP [year] 8 11 15 12 9 12 12 12 
Table 3.12. Analysis results of annual electricity bills (annual electricity bills) for 
Scenario-4 considering the current feed-in tariff policies. 
 NT WA ACT QLD SA NSW VIC TAS 
AEB without RPV [$] 1588 1586 1281 1793 2044 1781 1893 1712 
AEB with RPV [$] –462 314 383 582 458 505 504 369 
Annual Savings [$] 2051 1272 898 1211 1586 1276 1388 1343 
RPV actual Price [$] 20200 14514 15955 15186 15696 15301 16070 17601 
PBP [year] 10 11 18 13 10 12 12 13 
RPV average Price [$] 16315 16315 16315 16315 16315 16315 16315 16315 
PBP [year] 8 13 18 13 10 13 12 12 
 
illustrates that the utility will add credit to the account of the household. For ACT, SA, 
and WA, there is a significant reduction in the annual electricity bills and it is 84, 87 
and 94% respectively. In the case of VIC, QLD, TAS, and NSW, the reduction in 
annual electricity bills is between 73 and 79%. 
Table 3.11 also reflects the payback period of this RPV and BES. In this calculation, 
the price of a 5 kWh, Lithium ion battery is assumed to be 8,800$ [134]. In the first 
analysis, the payback period is calculated with different prices of RPV [132] which 
shows that the payback period of such a system can vary from 9 to 15 years. In the 
second analysis, the same average price is considered for the RPV throughout the 
Australia which shows an investment return period of 8 to 15 years.  
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Now, the above analyses are repeated assuming the current policies of feed-in tariff 
for the RPV with a BES. Table 3.12 reflects that annual electricity bills of a typical 
household before and after the installation of a 5 kW RPV along with a BES in this 
condition. From this table, it can be seen that the highest reduction in the annual 
electricity bills is found to be in NT (129% reduction) while the least reduction is found 
in QLD (68% reduction). This table also reflects the payback period and shows that 
the payback period assuming a different price for the RPV in each state [132] will vary 
from 10 to 18 years while considering the same average price, NT is found to have the 
shortest payback period while the payback period of ACT is found to be the longest 
(128% longer than the one of NT).The average payback period of a 5 kW RPV with a 
BES is approximately 12 years in Australia. Some battery manufacturers state in their 
performance warranty that BES storage capacity may be reduced up to 60% after ten 
years [135].Thus, after considering the charging-discharging losses and storage 
capacity reduction after 10 years, the BES may need to be replaced. Thus, in most 
cases, the BES may need a replacement before its cost is recovered completely. 
Therefore, with the current BES prices and the existing feed-in tariff policies, it is not 
economically feasible for Australian households to install a BES along with their RPV. 
The uncertainties associated with PV generation and BES should be included in 
network analysis tools such as probabilistic load flow and stochastic state estimation 
in an efficient way [136]. 
3.7 Summary 
The studies carried out in this chapter shows that the electricity supply charge and the 
electricity unit charge are highly variable across the different states or territories of 
Australia. Even within a state/territory, these prices vary widely among the zones of 
the different Power distribution companies. Thus, for customers with the same annual 
electricity consumption, their annual electricity bills will depend on the state/territory 
of residence, zone of the Power distribution companies in which their premises is 
located, and the selected energy retail company to trade electricity from. The 
households proceed to install small RPV after they are confident about the annual 
savings and the acceptable payback period of this investment. This study demonstrated 
that the annual saving of installing the RPV depends on its solar irradiance of that 
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location, the current feed-in tariff and electricity unit charge of the local utility, the 
rating and the market price of the RPV, and the pattern of energy consumption by the 
household.  
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Chapter 4 Proposed Approaches 
This chapter introduces the key proposals of this research. First, a dynamic feed-in 
tariff (DFiT) is proposed to encourage customers in regional and remote areas to 
proceed with the installation of RPVs. The proposed DFiT can help the local utilities 
in encouraging their regional and rural customers to become fully or partially off-grid, 
which will indirectly benefit them. This chapter discusses the criteria used in the design 
of the proposed DFiT and its Fuzzy-based derivation. This chapter further discusses 
the optimum design criteria of community solar project to achieve the desired technical 
and economic objectives. 
4.1 Feed-in Tariff 
The proposed DFiT in this thesis considers the real-time impact of RPVs, as well as 
their technical impacts that is in line with the recommendation of the California 
Independent System Operator and National renewable energy laboratory about 
proposing a real-time pricing to mitigate duck curve profiles. The proposed DFiT is 
aiming to increase the penetration of RPVs at remote and regional areas, which has the 
highest financial and technical benefit for the local utilities. It uses a value-based 
approach, mainly because it is flexible and more adaptable to the needs and conditions 
of individual customers. The considered criteria for the design of DFiT include the 
time of day (ToD) to encourage more power generation by RPVs when it coincides 
with the network’s morning or afternoon peaks (or starting of peaks). In addition, it 
considers the location of customers in determining the VoE and the HC of the network 
at that place, which will ensure that a higher feed-in tariff is offered when the generated 
electricity by RPVs has a larger significance to the utility. To reflect the technical 
limitations, the DFiT, proposed in this thesis, suggests a low feed-in tariff during non-
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peak hours which will encourage internal consumption (or charging of BES) during 
these hours to substantially decrease the technical issues. 
Furthermore, this thesis proposes two types of DFiT. In the first one (denoted by 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1), the utilities offer a payment to households when they install RPVs. However, 
despite offering a generous feed-in tariff to rural communities, some customers may 
still be unable to install RPVs. Thus, the utilities will continue to suffer from high 
operation and maintenance costs. Ref. [4] reports that a major identified barrier in this 
aspect is the high initial capital cost of RPVs because remote communities usually face 
a substantial cost of living pressure, limited financial capacity and mostly depend on 
welfare payments. Therefore, if the utility believes that it will get its high financial and 
technical burdens reduced when the rural community installs more RPVs while they 
are genuinely unable to install them, the utility may cover the initial capital cost of 
installing RPVs and provide a much smaller feed-in tariff (referred to as 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2). The 
difference between 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 can be adjusted such that it recovers the initial 
capital cost of RPVs in a reasonable timeframe for the utility. In the long-run, this will 
be beneficial for the utility, once the required number of RPVs are installed, and rural 
locations can become fully or partially off-grid.  
4.1.1 Considered Criteria for Feed-in Tariff 
To design the DFiT in this thesis, short-span and long-span parameters are considered. 
The electricity demand in the network is dynamic based on the ToD and the ambient 
temperature. This demand reaches its maximum on days observing the extreme low 
and high temperatures (i.e., when heaters or air-conditioners are operating at their 
highest level [137]). Thus, the DFiT, designed in this thesis, considers these short-span 
factors, which are sensitive to the high demand and stress on utility feeders. The 
electricity spot price has not been considered directly in this thesis because it is general 
(e.g., valid for the whole state); however, the considered temperature and ToD are 
important factors in the variations of the electricity spot price [138]. 
The other parameters are more location-specific such as the VoE for that location and 
the current penetration level of RPVs in that network (and thereby the available HC). 
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Figure 4.1. Flowchart of the dynamic feed-in tariff design process. 
VoE and HC do not change very frequently and are therefore the considered long-span 
factors. Each of these parameters is introduced and discussed in details below while 
Figure 4.1 demonstrates the flowchart of the DFiT design process with both factors. 
As seen from this figure, the feed-in tariff is calculated in the form of two loops. In the 
inner-loop, the short-span factors of temperature and ToD are updated at short intervals 
of Δt1 (e.g., 15, 30 or 60 minutes) while in the outer-loop, the long-span factors of VoE 
and HC are updated in much larger intervals of Δt2 (e.g., every 6-12 months). These 
factors are then normalised and yield a time-varying feed-in tariff using Fuzzy logic. 
4.1.1.1 Value of Electricity (VoE) 
The VoE is a parameter that analyses and reveals how valuable the generated 
electricity by RPVs is for the local utility. If it is high, a high feed-in tariff will be 
implemented, and vice versa. The calculation of VoE is based on the annual 
performance and technical reports of the local utilities and finding out the key 
challenges faced by the utilities while keeping in view how DFiT could help reduce 
those challenges. The parameters defining the VoE can be determined based on the 
remote-ness and network reliability indices, as introduced in below. 
4.1.1.1.1 Remoteness Index 
The remoteness factors reflect the degree of challenge for the utility in supplying 
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electricity to a specific location based on its distance from the nearest large load centre, 
type of feeder, and the number of customers in that location. 
4.1.1.1.1.1 Distance to Load Centre (DLC) 
An important factor in determining the remoteness of a community or town for the 
local utility is taking into account its distance to the nearest large load center, which 
can be calculated from the utilities’ infrastructure maps. DLC corresponds to the extent 
of power loss in lines and the degree that the existing infrastructure is prone to severe 
weather conditions. The VOE is higher for towns with a larger DLC, and vice versa. 
4.1.1.1.1.2 Type of Feeder (ToF) 
Utilities usually classify the feeder that supplies a location in either form of urban, 
short-rural, and long-rural, based on the maximum demand and its route length. Urban 
feeders usually have a minimum demand of 0.3MVA/km while rural feeders have less 
than that. Among the rural feeders, short-rural feeders have a route length of less than 
200 km whereas it is larger than that for the long-rural ones [139]. The VoE is higher 
for long-rural feeders in comparison with short-rural ones while it is least for urban 
feeders. 
4.1.1.1.1.3 Number of Customers (NoC) 
Rural communities have a smaller NoC and their VoE is higher. This is because the 
amount of infrastructure required to supply those small remote communities and its 
corresponding cost for the utilities is generally higher. In addition, the imposed cost of 
building or upgrading infrastructure to low NoCs will be very high. 
4.1.1.1.2 Network Reliability Index 
To illustrate the reliability degree of electricity supply to the customers, the system 
average interruption duration index (SAIDI) and system average interruption 
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frequency index (SAIFI) are considered which respectively show the average total 
number of minutes that a customer is without electricity and its interruption numbers. 
The two major causes of high SAIDI or SAIFI are equipment failure and extreme 
weather [139]. If they are very high for a particular locality, then it is more likely that 
the existing infrastructure is not capable enough of supplying reliable power to the 
customer. Therefore, the electricity generated by RPVs is more valuable in those 
locations. 
Considering the above factors, the VoE can be calculated as 
𝑉𝑉𝑉𝑉𝑉𝑉Agg = Agg (‖𝐷𝐷𝐷𝐷𝐷𝐷‖, ‖𝐷𝐷𝑉𝑉𝐷𝐷‖,‖𝑁𝑁𝑉𝑉𝐷𝐷‖, ‖𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆‖, ‖𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆‖) (1) 
where Agg (. ) is an aggregating function which can be either of the minimum, 
maximum, average, product, sum or Hurwitz functions. 𝑉𝑉𝑉𝑉𝑉𝑉min and 𝑉𝑉𝑉𝑉𝑉𝑉max consider 
respectively the weakest and strongest factors of (1) when calculating the output while 
𝑉𝑉𝑉𝑉𝑉𝑉average considers all factors equally. On the other hand, 𝑉𝑉𝑉𝑉𝑉𝑉product and 𝑉𝑉𝑉𝑉𝑉𝑉sum 
consider all factors but the earlier is affected more by the weak factors while the latter 
is more affected by the stronger factors. Hurwitz method is defined as [140] 
𝑉𝑉𝑉𝑉𝑉𝑉Hurwitz = 𝛼𝛼 𝑉𝑉𝑉𝑉𝑉𝑉min + (1 − 𝛼𝛼) 𝑉𝑉𝑉𝑉𝑉𝑉max  (2) 
in which 𝛼𝛼 ∈ [0, … ,1] is the optimist coefficient and focuses in both of weakest and 
strongest factors but with different weightings. These methods can be helpful for the 
utility to find out the weak criteria, which the utility may improve (if possible). As an 
example, utility can take some initiatives to improve SAIDI and SAIFI; however, it 
may not able to do much about DLC or NoC. In this thesis, the DFiT calculation is 
based on the average function, mainly because it takes into consideration all the 
factors. 
4.1.1.2 Hosting Capacity (HC) 
HC illustrates the total kilowatts of power generated by RPVs that the local utility is 
able to accept for a specific locality. As the HC reduces, the utility may choose to 
terminate the feed-in tariff scheme because of reaching its technical limit in 
unmanaged RPVs [126]. In this thesis, it is assumed that the feed-in tariff and HC are 
directly proportional which financially encourages the residents of those towns and 
suburbs with smaller penetration of RPVs to install more. 
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4.1.1.3 Ambient Temperature (Tmp) 
The network peak demand usually occurs when the ambient temperature hits extremes, 
and households start using fans, air conditioners or heaters concurrently. In such 
periods, the electricity network can stretch to its limits, and the wholesale electricity 
spot prices can jump as high as 300 times of the average price [141]. The electricity 
generated by RPVs during periods of peak demand can thereby be highly valuable. As 
the ambient temperature deviates more from the nominal value, the feed-in tariff will 
become higher which will promote customers to export more into the highly stressed 
utility feeder. 
4.1.1.4 Time of Day (ToD) 
Solar energy is usually maximum at middays while at residential premises, the 
electricity peak consumption usually occurs at either of early mornings or late 
afternoons. This is in line with the analysis of electricity consumption pattern of 
Australian households in [141]. Seasonal changes are also considered in the ToD 
membership function. The developed DFiT in this thesis reflects these peak periods by 
taking into account the ToD and changes such that the customers are encouraged to 
export more in the peak periods, which can lead to a partial reduction of the stress on 
utility feeders. 
4.1.2 Fuzzy-based Dynamic Feed-in Tariff Calculation 
Fuzzy logic is a mathematical tool to formalise the human capacity of imprecise or 
approximate reasoning [142]. In fuzzy logic, all truths are partial or approximate with 
unsharp boundaries in which membership is a matter of degree. This approach of 
decision-making is based on the degree of truth rather than the usual true-false Boolean 
logic. Fuzzy logic has already been proven as an effective tool for solving complex 
problems such as energy management [143]. Thereby, it is used in this thesis to design 
a DFiT based on the considered factors due to the involved ambiguity in the input 
parameters (i.e., the value and the degree of the impact of these parameters on the feed-
in tariff cannot be defined precisely). The developed approach is expressed by 
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𝐷𝐷𝐹𝐹 =  Fuzzy (𝑉𝑉𝑉𝑉𝑉𝑉,𝐻𝐻𝐷𝐷,𝐷𝐷𝑇𝑇𝑇𝑇,𝐷𝐷𝑉𝑉𝐷𝐷) (3) 
where Fuzzy(. ) represents the fuzzy function and 𝐷𝐷𝐹𝐹 is the outpout of this analysis 
from which the DFiT is later calculated. The process steps are as below: 
4.1.2.1 Fuzzification of Input Parameters 
Each input parameter is first fuzzified using a suitable membership function. In this 
thesis, the number and size of the membership functions and the associated rules are 
designed such that 𝐷𝐷𝐹𝐹 becomes sensitive to the corresponding change in the input 
parameter with a desired degree. To this end, first, a reasonable range of possible 
values are assumed for each input parameter; e.g., a range of 0 to 46°C for 𝐷𝐷𝑇𝑇𝑇𝑇 (see 
Table 4.1 for the range of other parameters). An important attention should be given 
to the selection of the ranges since if this range is too small, then an out of scale input 
value will not be considered in 𝐷𝐷𝐹𝐹. On the other hand, 𝐷𝐷𝐹𝐹 can become saturated if the 
considered range of input parameter is too large [144]. Then, the number of 
membership functions are determined for each parameter. For a universe of discourse 
where a small change in input should not result in significant changes in the output, 
few membership functions are selected (e.g., 2-3 memberships functions are selected 
for 𝐻𝐻𝐷𝐷,  𝐷𝐷𝑇𝑇𝑇𝑇 and 𝐷𝐷𝑉𝑉𝐷𝐷, as seen from Table 4.1. However, assuming the 𝑉𝑉𝑉𝑉𝑉𝑉 as the 
most dominant parameter among all others, and to enable a small change in this input 
resulting a significant change in the desired 𝐷𝐷𝐹𝐹, 5 membership functions are defined 
for 𝑉𝑉𝑉𝑉𝑉𝑉 [153]. Thus, each parameter is mapped to a value between 0 and 1 using 






⎧ 0   𝑥𝑥 ≤ 𝑎𝑎   or   𝑥𝑥 ≥ 𝑐𝑐 𝑥𝑥 − 𝑎𝑎
𝑏𝑏 − 𝑎𝑎
𝑎𝑎 ≤ 𝑥𝑥 ≤ 𝑏𝑏
𝑐𝑐 − 𝑥𝑥
𝑐𝑐 − 𝑏𝑏
𝑏𝑏 ≤ 𝑥𝑥 ≤ 𝑐𝑐
 (4) 
where 𝜇𝜇(. ) represents the triangular membership function, and 𝑥𝑥 ∈ [0, … ,1] is the 
input parameter (i.e., 𝑉𝑉𝐹𝐹𝑉𝑉, 𝐻𝐻𝐷𝐷, 𝐷𝐷𝑇𝑇𝑇𝑇, and 𝐷𝐷𝑉𝑉𝐷𝐷 in this research) which has been 
normalised versus the maximum observed value in that parameter while three fuzzy 
set parameters of 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐 respectively denote the feet, peak and feet of the triangle. 
Table 4.1 also shows the linguistic sets of each input parameter and the corresponding 
values of 𝑎𝑎, 𝑏𝑏 and 𝑐𝑐. As seen from this table, 𝑉𝑉𝑉𝑉𝑉𝑉 is resolved into 5 linguistic sets of 
VL, L, M, H and VH; 𝐻𝐻𝐷𝐷 is resolved into 2 sets of L and H; 𝐷𝐷𝑇𝑇𝑇𝑇 is resolved into 3 
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Table 4.1. Considered inputs and outputs for the fuzzy process, their range and number 
of membership functions, as well as the designed linguistic sets. 
 Membership Functions Linguistic 
Range Number 𝑎𝑎 𝑏𝑏 𝑐𝑐 Level Symbol 
Inputs 
𝑉𝑉𝑉𝑉𝑉𝑉 [0, … , 1] 5 
0 0 0.25 Very Low VL 
0 0.25 0.5 Low L 
0.25 0.5 0.75 Medium M 
0.5 0.75 1 High H 
0.75 1 1.25 Very High VH 
𝐻𝐻𝐷𝐷 [0, … , 100%] 2 
0 0 1 Low L 
0 1 2 High H 
𝐷𝐷𝑇𝑇𝑇𝑇 [0, … , 46°C] 3 
0 0 0.4 Low L 
0.1 0.5 0.9 Medium M 
0.6 1 1.4 High H 
𝐷𝐷𝑉𝑉𝐷𝐷  [Timesunrise, … , Timesunset] 3 
0 0 0.3 Morning Peak MP 
0.1 0.5 0.9 Midday Off-peak MO 
0.5 1 1.5 Evening Peak EP 
Output 
𝐷𝐷𝐹𝐹 [0, … ,1] 7 
0 0 0.17 Extra Low EL 
0 0.17 0.33 Very Low VL 
0.17 0.33 0.5 Low L 
0.33 0.5 0.67 Medium M 
0.5 0.67 0.83 High H 
0.67 0.83 1 Very High VH 
0.83 1 1.67 Extra High EH 
 
sets of L, M and H and 𝐷𝐷𝑉𝑉𝐷𝐷 is resolved into 3 sets of MP, MO and EP. Similarly, the 
output parameter of 𝐷𝐷𝐹𝐹 is resolved into 7 linguistic sets of EL, VL, L, M, H, VH and 
EH. The triangular membership functions are shown schematically in Figure 4.2. 
4.1.2.2 Developed Fuzzy Rules 
Theoretically, the total number of possible rules that can be defined in a fuzzy process 
is equal to all combinations of linguistic sets of input variables [144] (i.e., 5 × 3 × 3 × 
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Figure 4.2. Fuzzy membership functions for considered inputs and the output. 
2 = 90 rules in this study). These rules, which are designed by the fuzzy AND operator 
and applied to the input parameters. These rules establishes the desired relationship 
between the variable and are based on satisfying the following assumptions: 
• 𝑉𝑉𝑉𝑉𝑉𝑉 is the major parameter affecting DFiT and may vary it from EL to EH 
depending on its value? This is because it can only be high for few customers to 
encourage the power export to the utility feeder at locations where it is more 
significant. 
• 𝐷𝐷𝑇𝑇𝑇𝑇 and 𝐷𝐷𝑉𝑉𝐷𝐷 may increase DFiT to a higher level. However, they cannot affect 
it significantly because almost all customers at a specific location go through 
extreme temperature simultaneously and it is not feasible for the utility to offer a 
high DFiT to every customer. 
• 𝐻𝐻𝐷𝐷 ensures that DFiT reduces when the utility is reaching the threshold of the 
maximum number of RPVs for a particular location. On the other hand, DFiT 
remains unaffected and is calculated based on other parameters when 𝐻𝐻𝐷𝐷 is high. 
4.1.2.3 Implication of Rules and Defuzzification 
As each rule is made up of 4 inputs, the fuzzy operator is applied to obtain one number 
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that represents the resultant of the antecedent for that rule. This number is then applied 
to the implication method. Every rule may have a weighting between 0 and 1, which 
is applied to the number given by antecedent. In this thesis, all rules are assumed to 
have the same weighting, but in reality, a utility operator may choose to give different 
weightings for each rule, depending on the desired operation mechanism by that 
operator, their policies or the experience of their engineers. These equally-weighted 
90 rules defined in this thesis are then used to yield a decision by interlinking all rules 
in a fuzzy environment. This can be achieved by different aggregators such as 
maximum or sum functions or the probabilistic approach. Using either of these 
aggregators, the outputs of each rule are combined into a single fuzzy set. In this work, 
the maximum function has been used to generate the single fuzzy set which is later 
defuzzified to reveal 𝐷𝐷𝐹𝐹 ∈ [0, … ,1]. In this thesis, the centroid defuzzification method 
is used which returns the center of the area under curve within a Mamdani type fuzzy 
inference process, which is a commonly used inference method [143-145].  
Now, from (3), 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 can be calculated as 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 = 𝐷𝐷𝐷𝐷𝐷𝐷base 𝛽𝛽1 𝐷𝐷𝐹𝐹 (5) 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 = 𝐷𝐷𝐷𝐷𝐷𝐷base 𝛽𝛽2 (𝐷𝐷𝐹𝐹 + 1) (6) 
in which, 𝐷𝐷𝐷𝐷𝐷𝐷base is the minimum feed-in tariff in place, which can be updated annually 
or when deemed necessary by the utility, pricing regulatory authority or the 
Government. As 𝐷𝐷𝐹𝐹 is in the range of 0 to 1, to propose the DFiT in a reasonable 
range, the coefficient of 𝛽𝛽 ≥ 1 is used in (5) and (6). 
As seen from Figure 4.3a, 𝐷𝐷𝐹𝐹 (and consequently 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2) increase almost 



















Figure 4.3. Sensitivity of 𝐷𝐷𝐹𝐹 versus input parameters of 𝑉𝑉𝑉𝑉𝑉𝑉, 𝐷𝐷𝑇𝑇𝑇𝑇, 𝐻𝐻𝐷𝐷 and 𝐷𝐷𝑉𝑉𝐷𝐷. 
Chapter 4. Proposed Approaches 
 
57 
them). A similar trend (but with much lower slope) is observed for the variation of 𝐷𝐷𝐹𝐹 
with respect to 𝐻𝐻𝐷𝐷, as seen from Figure 4.3b. These are in line with the assumed linear 
membership functions in Figure 4.3. On the other hand, Figure 4.3a also shows that 
𝐷𝐷𝐹𝐹 decreases when 𝐷𝐷𝑇𝑇𝑇𝑇 increases from 0 to 0.4 while it increases as 𝐷𝐷𝑇𝑇𝑇𝑇 increases 
from 0.6 towards unity (matching the developed corresponding membership function). 
Thus, it can be seen that the calculated DFiTs are lowest at 𝐷𝐷𝑇𝑇𝑇𝑇 = 0.5 (i.e., the 
moderate ambient temperate of 23°C in this research). A similar trend is also observed 
for the variations of 𝐷𝐷𝑉𝑉𝐷𝐷, as can be seen from Figure 4.3b, which is also in line with 
the corresponding developed membership function. 
4.1.3 Capability Analysis Procedure 
Once the DFiT is designed, its economic feasibility can be analysed based on the 
annual revenue by each household and the corresponding payback period and NPV. 
Let us assume a household consuming a power of 𝑃𝑃C while its RPV is generating a 
power of 𝑃𝑃G. The net difference of these powers is ∆𝑃𝑃 = 𝑃𝑃G −  𝑃𝑃C. Let us also denote 
that portion of 𝑃𝑃G that the household internally consumes by 𝑃𝑃CG and express as 
𝑃𝑃CG =  �
𝑃𝑃C if  ∆𝑃𝑃 > 0 
𝑃𝑃G if  ∆𝑃𝑃 ≤ 0
 (7) 
The first revenue for this household is the amount of energy generated by RPVs that 
is internally consumed, as otherwise, this energy had to be imported from the utility 
feeder to which the household pays at an electricity unit cost of 𝑉𝑉𝐸𝐸𝐷𝐷. Thereby, the 
hidden revenue for the household because of internally consuming some of the 
generated power by RPVs (𝑅𝑅𝑅𝑅𝑅𝑅CG) is 
𝑅𝑅𝑅𝑅𝑅𝑅CG =  𝑃𝑃CG  × 𝐷𝐷𝐷𝐷𝑇𝑇𝑅𝑅 × 𝑉𝑉𝐸𝐸𝐷𝐷 (8) 
the net exported power by the household into the utility feeder (𝑃𝑃E) can be given by 
𝑃𝑃E =  �
∆𝑃𝑃 if  ∆𝑃𝑃 > 0 
0 if  ∆𝑃𝑃 ≤ 0  (9) 
from which, the revenue of the household by exporting this excess power into the 
utility feeder (𝑅𝑅𝑅𝑅𝑅𝑅FiT) can be derived as 
𝑅𝑅𝑅𝑅𝑅𝑅FiT =  𝑃𝑃E × 𝐷𝐷𝐷𝐷𝑇𝑇𝑅𝑅 × 𝐷𝐷𝐷𝐷𝐷𝐷 (10) 
assuming a feed-in tariff of 𝐷𝐷𝐷𝐷𝐷𝐷. Thereby, the total revenue for the household over a 
year will be 
𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑅𝑅𝑅𝑅𝑅𝑅CG + 𝑅𝑅𝑅𝑅𝑅𝑅FiT (11) 
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from which the payback period of installing a RPV for the household (𝑃𝑃𝑃𝑃𝑃𝑃RPV) can 
be approximated by 




neglecting the annual de-rating of RPVs. In (12), 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶int represents the initial cost 
incurred by the households when installing a RPV system, and can be expressed by 
𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶int  = 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RPV + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶inv  (13) 
where 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RPV = 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RPV
cap + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RPVinst  and 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶inv = 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶inv
cap + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶invinst are the cost 
of acquiring and installing (respectively denoted by superscripts of cap and inst) a RPV 
and its inverter.  
On the other hand, assuming the annual operation and maintenance cost of the RPV 
system as 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶O&Mannual, the overall operation and maintenance cost of this system over 
𝑁𝑁 years can be approximated by 
𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶𝑂𝑂&𝑀𝑀 = 𝑁𝑁 × 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶O&Mannual (14) 
Thereby, the overall cash outflow of this system over 𝑁𝑁 years will be 
𝐷𝐷𝑎𝑎𝐶𝐶ℎout = 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶int + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶O&M + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶rep (15) 
where 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶rep is the replacement cost of RPV and inverter after their effective life 
length of respectively 𝑁𝑁1 and 𝑁𝑁2 years.  
Conversely, the cash inflow of the system (𝐷𝐷𝑎𝑎𝐶𝐶ℎin) over 𝑁𝑁 years can be calculated 





while considering the efficiency (𝜂𝜂) of RPVs over time as 
𝜂𝜂 = 1 − 𝑁𝑁 × 𝐷𝐷𝐷𝐷 (17) 
in the form of  
𝐷𝐷𝑎𝑎𝐶𝐶ℎin = � �𝑅𝑅𝑅𝑅𝑅𝑅pv × 𝜂𝜂�
𝑁𝑁
 (18) 
in which 𝑟𝑟 and 𝐷𝐷𝐷𝐷 respectively denote the interest rate and de-rating factor of RPVs.  
In addition, the system’s salvage cost (𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶sal) is 
𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶sal = 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RPV
cap × max �1 −
𝑁𝑁
𝑁𝑁1
, 0� + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶inv
cap × max �1 −
𝑁𝑁
𝑁𝑁2
, 0� (19) 
in which max(. ) is the maximum operator.  
From (15), (18) and (19), the NPV (𝑁𝑁𝑃𝑃𝑉𝑉) for the RPV system can be given by 
𝑁𝑁𝑃𝑃𝑉𝑉 =   𝐷𝐷𝑎𝑎𝐶𝐶ℎin −  𝐷𝐷𝑎𝑎𝐶𝐶ℎout + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶sal (20) 
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The above analysis can be expanded to utilities if they choose to install RPVs for a 
portion of their customers in place of upgrading their existing networks to supply them 
under 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2. For such utilities, 𝛽𝛽2 in (6) has to be much smaller than 𝛽𝛽1 of (5). This 
difference will dictate the recovery period of the initial capital cost of RPV for the 
utility (𝑅𝑅𝑃𝑃RPVs), which is assumed as 




where 𝑅𝑅𝑅𝑅𝑅𝑅DFiT1 and 𝑅𝑅DFiT2 are calculated by replacing 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 calculated 
in (5)-(6) instead of 𝐷𝐷𝐷𝐷𝐷𝐷 in (10). 
4.1.4 System Operation 
Given 𝑃𝑃RPV𝑡𝑡  as the power generated by the RPV of one of the 𝑁𝑁RPVh  households that has 
rented his roof to the solar leasing company at time 𝐶𝐶, the multi-multi-housing 
complex’s total RPV generation (denoted by 𝐷𝐷𝑇𝑇𝑡𝑡) can be expressed by 




Likewise, given 𝑃𝑃D𝑡𝑡  as the demand of one of the 𝑁𝑁Ch households that has a PPA with 
the solar leasing company, the multi-multi-housing complex’s total demand (denoted 
by 𝐷𝐷𝐷𝐷𝑡𝑡 ) will be 




From (22) and (23), the difference of the customers’ total RPV generation versus total 
demand, denoted by ∆𝑃𝑃𝑡𝑡, is 
∆𝑃𝑃𝑡𝑡 = 𝐷𝐷𝑇𝑇𝑡𝑡 −  𝐷𝐷𝐷𝐷𝑡𝑡 (24) 
From (24), the self-consumption, the unused portion of the generated power by the 
RPVs, and the customers’ demand which is not met by the RPVs, respectively denoted 
by 𝑆𝑆𝐷𝐷RPV𝑡𝑡 , 𝑉𝑉𝑇𝑇𝑡𝑡 and 𝑉𝑉𝐷𝐷𝑡𝑡, can be defined as 
�
𝑆𝑆𝐷𝐷RPV𝑡𝑡 = 𝐷𝐷𝐷𝐷𝑡𝑡  ;   𝑉𝑉𝑇𝑇𝑡𝑡 =  ∆𝑃𝑃𝑡𝑡 ;  𝑉𝑉𝐷𝐷𝑡𝑡 = 0         if  ∆𝑃𝑃𝑡𝑡 > 0 
𝑆𝑆𝐷𝐷RPV𝑡𝑡 = 𝐷𝐷𝑇𝑇𝑡𝑡 ;    𝑉𝑉𝑇𝑇𝑡𝑡 = 0     ;𝑉𝑉𝐷𝐷𝑡𝑡 = ∆𝑃𝑃𝑡𝑡       if  ∆𝑃𝑃𝑡𝑡 ≤ 0
 (25) 
Now, given 𝑃𝑃BESmax as the BES’s maximum power charge/discharge rate, the power that 
will be stored in the BES (denoted by 𝑃𝑃BES𝑡𝑡 ) will be equal to 𝑉𝑉𝑇𝑇𝑡𝑡 assuming that the 
BES’s SoC (denoted by 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 ) is below 𝑆𝑆𝑉𝑉𝐷𝐷max. On the other hand, when the total 
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generated power by the RPVs is below the multi-multi-housing complex’s total 
demand, the excess demand will be supplied by the stored energy in the BES if 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡  
is above 𝑆𝑆𝑉𝑉𝐷𝐷min. As such, the power charged/discharged by the BES will be  
𝑃𝑃BES𝑡𝑡 = �
𝑉𝑉𝑇𝑇𝑡𝑡 ∧  𝑃𝑃BESmax 𝑆𝑆𝑉𝑉𝐷𝐷
𝑡𝑡 < 𝑆𝑆𝑉𝑉𝐷𝐷max  &  ∆𝑃𝑃𝑡𝑡 > 0
−𝑉𝑉𝐷𝐷𝑡𝑡 ∧  𝑃𝑃BESmax 𝑆𝑆𝑉𝑉𝐷𝐷
𝑡𝑡 > 𝑆𝑆𝑉𝑉𝐷𝐷min  & ∆𝑃𝑃𝑡𝑡 ≤ 0
0 otherwise
 (26) 
in which 𝑥𝑥 ∧ 𝑦𝑦 denotes the minimum of 𝑥𝑥 and 𝑦𝑦; & denotes the logic AND while 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡  
can be calculated from 
𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 =  𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡−1 +





For BES with an energy storage capacity of 𝑉𝑉max. 
The charged energy into the BES can supply a portion of the multi-multi-housing 
complex’s demand. This is allowed only when ∆𝑃𝑃𝑡𝑡 ≤ 0 while the BES’s SoC is within 
the acceptable range; otherwise, the BES will not supply the demand. Thus, the amount 
of power discharged from the BES to supply the local demand (denoted by 𝑆𝑆𝐷𝐷BES𝑡𝑡 ) can 
be expressed by 
𝑆𝑆𝐷𝐷BES𝑡𝑡 = �
0 ∆𝑃𝑃𝑡𝑡 > 0
−𝑉𝑉𝐷𝐷𝑡𝑡 ∧  𝑃𝑃BESmax 𝑆𝑆𝑉𝑉𝐷𝐷
min < 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 ≤ 𝑆𝑆𝑉𝑉𝐷𝐷max & ∆𝑃𝑃𝑡𝑡 ≤ 0 (28) 
When the BES is charging, if the SoC reaches 𝑆𝑆𝑉𝑉𝐷𝐷max, any unused generated power 
by the RPVs will be exported to the grid. Likewise, when the BES is discharging, if 
the BES’s SoC drops to 𝑆𝑆𝑉𝑉𝐷𝐷min, the customers’ demand will be supplied by the grid. 
As such, the power exported by the multi-housing complex to the grid (denoted by 







𝑡𝑡 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 = 𝑆𝑆𝑉𝑉𝐷𝐷max  &  ∆𝑃𝑃𝑡𝑡 > 0
𝑉𝑉𝑇𝑇𝑡𝑡 − 𝑃𝑃BES𝑡𝑡 𝑆𝑆𝑉𝑉𝐷𝐷
min < 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 < 𝑆𝑆𝑉𝑉𝐷𝐷max  &  ∆𝑃𝑃𝑡𝑡 > 0
𝑉𝑉𝐷𝐷𝑡𝑡 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 = 𝑆𝑆𝑉𝑉𝐷𝐷min  &  ∆𝑃𝑃𝑡𝑡 ≤ 0
𝑉𝑉𝐷𝐷𝑡𝑡 + 𝑃𝑃BES𝑡𝑡 𝑆𝑆𝑉𝑉𝐷𝐷
min < 𝑆𝑆𝑉𝑉𝐷𝐷𝑡𝑡 < 𝑆𝑆𝑉𝑉𝐷𝐷max  &  ∆𝑃𝑃𝑡𝑡 ≤ 0
0 otherwise
 (29) 
The inability of RPVs and BES in supplying a portion of the multi-housing complex’s 
demand results in some power being imported from the utility feeder (denoted by 
𝑃𝑃imp). 
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4.1.5 Technical Indices 
This section introduces some indices that are used in the remainder of this thesis to 
demonstrate the performance of the proposed concept. 
From (22) and (23), one can determine the ratio of the total RPV generation versus the 





where 𝐶𝐶sunrise and 𝐶𝐶sunset are respectively the sunrise and sunset times. 
Another two indices are defined to compare the peak of the total generation by the 
RPVs and the demand. The peak generation index (denoted by 𝑃𝑃𝑇𝑇𝑆𝑆) is assumed as the 
ratio of the average of the energy produced by all RPVs around the peak generation 
period (i.e., between 𝐶𝐶peak gen.start  and 𝐶𝐶peak gen.end ) versus the average of the power generated 







�𝐶𝐶peak gen.end −  𝐶𝐶peak gen.start � × 𝐷𝐷𝑇𝑇����
 (31) 
Similarly, the peak consumption index (denoted by 𝑃𝑃𝐷𝐷𝑆𝑆) is assumed as the ratio of the 
average energy consumed by the multi-housing complex’s loads around the peak 
demand period (i.e., between 𝐶𝐶peak dem.start  and 𝐶𝐶peak dem.end ) versus the average of the 







�𝐶𝐶peak dem.end −  𝐶𝐶peak dem.start � × 𝐷𝐷𝐷𝐷����
 (32) 
𝐶𝐶peak gen.start , 𝐶𝐶peak gen.end , 𝐶𝐶peak dem.start  and 𝐶𝐶peak dem.end  should be chosen such that they can 
capture the periods of high generation and demand in both summer and winter periods.  
Also, let us define another two indices to compare the excessive generation and 
excessive consumption in the multi-housing complex. The excessive generation index 
(denoted by 𝑉𝑉𝑇𝑇𝑆𝑆) is assumed as the ratio of the average of the excessive generation 
between 𝐶𝐶sunrise and 𝐶𝐶sunset versus the average of the excessive generation on that day 
(𝑉𝑉𝑇𝑇����); i.e., 





(𝐶𝐶sunset − 𝐶𝐶sunrise) × 𝑉𝑉𝑇𝑇����
 (33) 
Similarly, the excessive consumption index (denoted by 𝑉𝑉𝐷𝐷𝑆𝑆) is assumed as the ratio 
of the average of the energy consumed by the multi-housing complex’s loads over a 





Moreover, the ratio of the surplus of the generated energy by RPVs after self-
consumption, which can be stored in the BES between 𝐶𝐶sunrise and 𝐶𝐶sunset, versus the 
multi-housing complex’s total 𝑉𝑉𝐷𝐷 over a 24-hr period is defined as the excessive 





If 𝑉𝑉𝑇𝑇𝐷𝐷𝑅𝑅 ≥ 1, the RPVs are designed appropriately in meeting the multi-housing 
complex’s overall demand over a 24-hr period. On the other hand, the multi-housing 
complex’s self-sufficiency over this period can be defined by 
𝑆𝑆𝑆𝑆 = � ∆𝑃𝑃𝑡𝑡
𝑡𝑡=24
𝑡𝑡=0




from which an 𝑆𝑆𝑆𝑆 ≥ 0 demonstrates multi-housing complex’s 100% self-sufficiency 
over a 24-hr period. Furthermore, let us denote the self-sufficiency index (SSI) as the 
percentage of the days over a year that the multi-housing complex can function 100% 
self-sufficiently at every instance of time. 
In addition, to demonstrate how the proposed concept improves the utility feeder’s 
duck curve profile, let us assume 






in which 𝐷𝐷𝐷𝐷𝑆𝑆 is the duck curve profile index and is a measure of over generation by 
the RPVs which has resulted in excessive power export to the grid (usually in 
middays). 
Also, to determine the peak shaving capability of the proposed concept, let us assume 






where 𝑃𝑃𝑆𝑆𝑆𝑆 is the peak shaving index and is a measure of the shaved demand by the 
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help of the BES over the peak demand period. 
4.1.6 System’s NPV 
A solar leasing company’s revenue is the income from: 
• selling the generated electricity by the RPVs to the customers within the multi-
housing complex (𝑅𝑅𝑅𝑅𝑅𝑅RPV) under a PPA tariff (TariffPPA),  
• selling the electricity stored in the BES (𝑅𝑅𝑅𝑅𝑅𝑅BES) to the customers within the multi-
housing complex under TariffPPA, and 
• selling electricity to the utility (𝑅𝑅𝑅𝑅𝑅𝑅exp) under the feed-in tariff (Tarifffeed−in tariff),  
as defined respectively by 
𝑅𝑅𝑅𝑅𝑅𝑅RPV =  𝑆𝑆𝐷𝐷RPV × 𝐷𝐷1 × TariffPPA (39) 
𝑅𝑅𝑅𝑅𝑅𝑅BES =  𝑆𝑆𝐷𝐷BES × 𝐷𝐷2 × TariffPPA (40) 
𝑅𝑅𝑅𝑅𝑅𝑅exp =  𝑃𝑃exp𝑡𝑡 × 𝐷𝐷3 × Tarifffeed−in tariff (41) 
In (39) to (41), 𝐷𝐷1 to 𝐷𝐷3 denote the period that each revenue is available for 𝑁𝑁year years 
that the solar leasing agreement is valid. Also, 𝑅𝑅𝑅𝑅𝑅𝑅exp in (41) will be calculated only 
when the multi-housing complex is exporting power to the utility (i.e., 𝑃𝑃exp𝑡𝑡 > 0). As 
such, the total revenue of the solar leasing company can be expressed by 
𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑅𝑅𝑅𝑅𝑅𝑅RPV + 𝑅𝑅𝑅𝑅𝑅𝑅BES + 𝑅𝑅𝑅𝑅𝑅𝑅exp (42) 
Based on the solar leasing company’s desired profit (expressed by annual interest rate 
of 𝑟𝑟%), the solar leasing company’s cash inflow (𝐷𝐷𝑎𝑎𝐶𝐶ℎin2) will be the present value of 





On the other hand, the solar leasing company’s key overall expenses are the capital 
(outright purchasing and installation) cost of RPVs and BES (i.e.,  𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RPV and 
𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶BES) and their ongoing annual costs, and the replacement cost of the BES during 
the contract, respectively denoted by 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶cap, 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶O&M2, and 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶rep2, as well as the 
roof rental payments to the corresponding customers (𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RR2). Hence, the solar 
leasing company’s cash outflow (𝐷𝐷𝑎𝑎𝐶𝐶ℎout2) can be formulated as 
𝐷𝐷𝑎𝑎𝐶𝐶ℎout2 = 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶cap + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶O&M2 + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶rep2 + 𝐷𝐷𝑉𝑉𝐶𝐶𝐶𝐶RR2 (44) 
From (43) and (44), the solar leasing company’s NPV can be calculated by  
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𝑁𝑁𝑃𝑃𝑉𝑉SL =   𝐷𝐷𝑎𝑎𝐶𝐶ℎin2 −  𝐷𝐷𝑎𝑎𝐶𝐶ℎout2 (45) 
from which, 𝑁𝑁𝑃𝑃𝑉𝑉SL ≥ 0 indicates that the solar leasing company gets the desired 
profit. 
4.2 Summary 
A DFiT has been proposed in this thesis, which considers the local short-span 
parameters of ambient temperature and ToD along with the long-span factors of VoE 
and HC, and is developed within a Fuzzy logic environment. It is designed specifically 
to encourage the customers to install RPVs at their premises when the cost of 
electricity supply is very expensive for the local utilities and it is less reliable (such as 
remote and regional areas). It is also designed to inspire the customers to export larger 
portion of the generated power by their RPVs when there is excessive stress on utility 
feeders. In addition to that Solar leasing is an opportunity to increase the uptake of 
RPVs when the households cannot financially afford outright purchasing them. Roof 
rental is one type of solar leasing in which the solar leasing company owns and 
operates an RPV on a rented roof and pays the household a portion of the revenue. 
Solar leasing is one of the opportunities which can enhance strategic uptake of RPVs.  
 
4.3 Community Solar Project 
This thesis has focused on community solar projects, and more specifically, a multi-
multi-housing complex in which some households have rented their roofs to a solar 
leasing company that owns, installs and operates the RPVs and a shared BES within 
the multi-multi-housing complex. During the daytime, the generated energy by the 
RPVs will be first consumed internally by the households, and any excess of this 
energy will then be stored in the BES. If any extra energy is still available, it will be 
then exported to the utility feeder. When the generated energy by the RPVs is less than 
the multi-multi-housing complex’s total energy consumption, the excess demand will 
be supplied by the stored energy in the BES as far as available. Otherwise, it will be 
imported from the utility feeder. The solar leasing company’s revenue from the self-
consumption of electricity will be calculated based on the PPA tariff while that of the 
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exported electricity to the grid will be calculated based on the feed-in tariff, agreed 
with the utility. On the other hand, the solar leasing company will pay a rental fee to 
those customers that have rented their roofs. 
This model not only ensures that the solar leasing company will achieve the desired 
rate of return of investment but also benefits the consumers by offering: 
• roof rental option, if their roof meets the desired criteria (i.e., adequate space and 
suitable orientation for RPVs), 
• possibility of consuming electricity at a price cheaper than the electricity unit 
charge, under a PPA with the solar leasing company, even when renting a property, 
• possibility of being partially or fully off-grid. 
In addition, the PPA rate in this scheme will benefit the customers regardless of having 
an RPV, especially those who consume a large amount of electricity during the day or 
at the beginning of the network’s peak period since their self-consumption will be 
charged at the PPA rate. 
This scheme also addresses some of the challenges that are faced by the utilities and 
offers design choices for sites: 
• for which RPV or BES installation is financially unattractive for the householders, 
while the utility is keen in that due to challenges of supplying electricity (e.g., 
because of remoteness, located at the edge-of-grid, having fragile network 
infrastructure), 
• with high penetration of RPVs, which experience unacceptable voltage rise, 
reverse power flow, and duck curve profile, and 
• which experience high demands at network peak periods. 
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Chapter 5 Dynamic Feed-in Tariff 
This chapter presents capability analysis procedure for the proposed dynamic feed-in 
tariff (DFiT) using NPV and payback periods. The performance of the developed DFiT 
and its capability in achieving the desired objectives are illustrated through numerical 
analysis for different case studies across Australia. 
5.1. Performance Evaluation 
To illustrate the impact of the proposed DFiT, several numerical analyses are 
conducted, a few of which discussed below.  
5.1.1. Evaluation of Long-span Input Parameters 
First, let us evaluate the impact of each considered long-span and short-span parameter 
in the design of the DFiT. Figure 5.1, Figure 5.2 and Figure 5.3a demonstrate the 
normalised values for 5 parameters of 𝐷𝐷𝐷𝐷𝐷𝐷,𝐷𝐷𝑉𝑉𝐷𝐷,𝑁𝑁𝑉𝑉𝐷𝐷, 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 and 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 for some 
selected locations across Australia (plotted in ArcGIS [152]), which are then used to 
calculate the 𝑉𝑉𝑉𝑉𝑉𝑉 for these locations. The data of these 5 parameters are retrieved 
mainly from utilities annual and technical reports [153-160], Australian bureau of 
statistics and Australian renewable energy mapping infrastructure [161-162]. The size 
of a rhombic in Figure 5.1a, Figure 5.2 and Figure 5.3 points out the extent to which 
the rate of that parameter is high or low except while it shows the degree of ruralization 
in Figure 5.1b. Using the average aggregation of (17), the 𝑉𝑉𝑉𝑉𝑉𝑉 is defined for each 
location and is presented in Figure 5.3b. It is clear from this figure that, as expected, 
that 𝑉𝑉𝑉𝑉𝑉𝑉 is lower for the towns near major cities while higher for small rural 
communities. As an example, the town of Warwick (a major load center with a 
population of 12,500 and an average demand of over 0.3MVA/km)has a 𝑉𝑉𝑉𝑉𝑉𝑉 of 0.16  
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Figure 5.1. Assumed normalised inputs and the calculated 𝑉𝑉𝑉𝑉𝑉𝑉 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for several 
localities across Australia: (a) 𝐷𝐷𝐷𝐷𝐷𝐷, (b) 𝐷𝐷𝑉𝑉𝐷𝐷 
while the town of Quilpie (situated 360km away from its nearest large load center of 
Roma and with a population of 575) has a VoE of 0.91. In addition, the 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 and 
𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 factors have a significant impact on the 𝑉𝑉𝑉𝑉𝑉𝑉. For example, the town of Milton 
in NSW and Kalbarri in WA both are categorised under a short-rural 𝐷𝐷𝑉𝑉𝐷𝐷; however, 
the 𝑉𝑉𝑉𝑉𝑉𝑉 for Kalbarri is 1.71 times higher than that of Milton. As the other factors are 
more or less same for these towns, the main reason for this difference relies on the 
𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 and 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 factors which are respectively 6 and 1.9 times larger for Kalbarri. 
5.1.2. Evaluation of Short-span Input Parameters 
Now, to illustrate the impact of the short-span parameters of 𝐷𝐷𝑇𝑇𝑇𝑇 and 𝐷𝐷𝑉𝑉𝐷𝐷, let us 
consider two scenarios: Scenario-1 which assumes a 𝐷𝐷𝑉𝑉𝐷𝐷 of 15:00 on a very hot 
summer day in which 𝐷𝐷𝑇𝑇𝑇𝑇 has reached 46°C. In such a scenario, the utility feeders 
are highly stressed to supply the high electricity demand due to extreme usage of air 
conditioners. The situation is worse for communities which are far away from major 
load centers. Scenario-2 assumes the same 𝐷𝐷𝑉𝑉𝐷𝐷 but on a moderate temperature spring 
day in which 𝐷𝐷𝑇𝑇𝑇𝑇 is 23°C. Figure 5.4 illustrate the calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for these two 
scenarios in which the size and color of circles shows the extent to which the calculated 
DFiT is high or low. To this end, it is assumed that 𝛽𝛽1 = 10 in (6). As seen from these 
figures, the calculated DFiT for scenario-1 is 20-78% higher compared to that of 
scenario-2. As an example, the calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for Warwick is 16¢/kWh in scenario-  









































Figure 5.2. Assumed normalised inputs and the calculated 𝑉𝑉𝑉𝑉𝑉𝑉 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for several 
localities across Australia: (a) 𝑁𝑁𝑉𝑉𝐷𝐷, (b) 𝑆𝑆𝑆𝑆𝑆𝑆𝐷𝐷𝑆𝑆 
1 and 60% larger than that of scenario-2. Likewise, the calculated DFiT for Gascoyne 
(situated 370kms from the nearest largest load center of Geraldton) in WA is 38¢/kWh 
in scenario-1 which is 23% higher than that of scenario-2. Another observation is that 
the calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for remote locations can be upto 5 times higher than that in 
locations close to major load centers. As an example in scenario-2, the remote town of 
Gascoyne observes a DFiT of 31¢/kWh compared to the town of Wagaman (a major 
load center) in Northern Territory and has a DFiT of 6¢/kWh. 
5.1.3. Proposed Dynamic Feed-in Tariff 
To observe the time-varying nature of the developed DFiT, another study is conducted. 
Let us consider the rural town of Bourke in NSW (situated 780km northwest of 
Sydney, 370km away from the nearest largest load center of Narrabri, and with a 
population of 2,500) for which the temperature data is retrieved from the real-time 
temperature data of the Australian Bureau of Meteorology [163]. Considering the 
existing flat rate feed-in tariff of 5.5¢/kWh being offered by the utility, there is not a 
significant financial motivation for the households in this town to install RPVs. The 
DFiT proposed in this thesis can enhance the situation. Figure 5.5a illustrates the 
hourly variations of the calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 over a year. In this figure, the lighter colors 
in the mornings and afternoons imply a larger 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 (i.e., more than 30¢/kWh) while 
the darker colors (between 10:00 and 15:00) denote a smaller one (i.e., less than 




































SAIFI Value of Electricity  
Figure 5.3. Assumed normalised inputs and the calculated 𝑉𝑉𝑉𝑉𝑉𝑉 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for several 
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Figure 5.4. Assumed normalised inputs and the calculated 𝑉𝑉𝑉𝑉𝑉𝑉 and 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for several 
localities across Australia: (a) 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for scenario-1, (b) 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for scenario-2. 
30¢/kWh). Considering the 𝑉𝑉𝐸𝐸𝐷𝐷 for this location as 27¢/kWh [6], it can be seen from 
Figure 5.5a that the utility is offering a feed-in tariff larger than the 𝑉𝑉𝐸𝐸𝐷𝐷 at network 
peak periods of morning and afternoon. Thus, in this periods, the revenue of exporting 
electricity is higher, and therefore, it is worthy for the households to adjust their 
consumption pattern (by shifting their electricity consumption to those periods that the 
feed-in tariff is lower) to increase their annual revenues. The boxplot of Figure 5.5b 
further illustrate the range of variations for the calculated DFiT in different seasons. 
From this figure, it can be seen that it is more or less same in spring and winter with 
payments well above the 𝑉𝑉𝐸𝐸𝐷𝐷 during morning and afternoon peaks. The DFiT is 
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(c) Daily DFiT  of considered rural and urban locations at certain times [¢/kWh]
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(b) Seasonal hourly DFiT  of considered rural location [¢/kWh]1
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Figure 5.5. (a) Annual hourly variations in the calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for a considered rural 
location, (b) Corresponding seasonal variations at certain times of a day, (c) 
Comparison of the daily variations of 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 at certain times of a day for rural and 
urban locations. 
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minimal at middays due to the combined effect of moderate ambient temperature and 
non-peak hours. The calculated DFiT has a low value on summer mornings; however, 
moving towards the midday and increase in temperature, the payment starts increasing 
gradually, and it reaches the maximum in the afternoon when the peak demand period 
and high ambient temperature coincide. The calculated DFiT is very high in winter 
mornings compared to other seasons because the low ambient temperature in this 
period results in significant stress on utility feeders due to the combined effect of 
heating appliances operating at morning peak period. On the other hand, winter 
middays experience the lowest payment while it starts increasing in afternoons.  
Figure 5.5c reflects the seasonal variation of 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 of the rural location (denoted by 
Rural 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1) at two specific times (i.e., at 11:00 and 16:00) over a 90-day period 
within which the ambient temperature varies while all other parameters are constant. 
As seen from this figure, the proposed technique encourages the export of electricity 
generated by RPVs when it is most valuable (e.g., at 16:00, which is the beginning of 
the network’s peak period) by increasing the DFiT while it discourages the export 
when it is less valuable (e.g., at 11:00, which is the network’s off-peak period).  
To compare the calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 in the above study for the rural location with that at 
an urban location, the above study is repeated. Only the seasonal variation of its 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 
is illustrated in Figure 5.5c (denoted by Urban 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1). Comparing these two 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1, 
it is evident that 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 of the rural location is appromiately 6 times higher that of the 
urban location, a big incentive for the customers in rural locations to proceed with RPV 
installation and a reasonable discouragement for the urban customers for installing a 
RPV without a BES.  
5.1.4. Evaluation of Proposed Dynamic Feed-in Tariff on Sample Households 
To evaluate the impact of different power consumption profiles of a household on the 
total revenue of that household another study is conducted. Let us consider 10 sample 
houses at the previous location (the remote town of Bourke) when the utility offers 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1. The real-time power consumption of each of these households along with the 
power generated by a 5kWp RPV in that premise (i.e., respectively 𝑃𝑃C and 𝑃𝑃G) are 
retrieved from the solar home electricity data of Ausgrid (an electricity utility at NSW)  
























     
        












Figure 5.6. (a) Annual electricity consumption of for 10 sample households, (b) Their 
electricity generation from a 5 kWp RPV, (c) Their increased revenues with the 
calculated 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 in comparison with the current flat rate feed-in tariff. 
[164] and shown in Figure 5.6a-b. Using (11), the annual revenue of thesehousehold 
is calculated. The difference of this reveneue with the revenue that the households 
currently receive based on the existing flat rate feed-in tariff is illustrated in Figure 
5.6c. To get more insight on the capability of the developed DFiT in increasing the 
household’s revenue and reducing the payback period for them, let us consider Figure 
5.7a which illustrates the increase in the revenue of each considered household with 
the proposed DFiT compared to the current feed-in tariffover the considered year and 
the corresponding payback period calculated from (12). As seen from this figure, each 
considered household observes a revenue increase of $1,045 per annum on average, 
which reduces the payback period of the initial capital cost of RPVs to a 3-year period. 
This can significantly encourage the households in rural communities such as the one  
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(b) DFiT2 for a considered rural location
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(c) DFiT1 for a considered urban location 
 
Figure 5.7. Increase in the annual revenue with DFiT in relation to current feed-in tariff 
and its percentage increase, as well as the return period of installing a 5 kWp RPVs, 
for the considered 10 sample households assuming a) a rural location with 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1, (b) 

























Figure 5.8. Comparison of the sensitivity analysis of the NPV of all sample households 
of Figure 5.6 with urban and rural 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 versus the existsing flat rate feed-in tariff for 
an interest rate varying between 4 to 10%. 
considered in this example to install RPVs. The annual revenue increase when the 
utility offers the developed 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 for this location is almost 4 times more than the 
current flat rate feed-in tariff. Now, let us assume that the considered households were 
unable to install RPVs, but the local utility is keen to cover the initial capital cost of 
RPVs while offering 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2. To this end, it is assumed that 𝛽𝛽2 = 1 in (6). Repeating 
the previous analysis by considering 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 instead of 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1, the difference between 
the overall annual revenue for the considered 10 households is shown in Figure 5.7b. 
This figure also shows the recovery period of the initial capital costs of RPVs for the 
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utility for each household. As seen from this figure, 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2 does not translate into 
significant revenue increase for the households in comparison with the current flat rate 
feed-in tariff (i.e., around $107). On average, the utility will observe a recovery period 
of 5 years depending on the daily power consumption profile of the households. It is 
to be noted that this figure does not illustrate the payback period for households as 
they do not own the RPVs. 
Now, assume the considered households located in an urban location, e.g., the town of 
Burwood in NSW (situated 10km northwest of Sydney and with a population of 
32,500). Since this locality is an urban town and a major load center, its 𝑉𝑉𝑉𝑉𝑉𝑉 is very 
low. As a result, the developed DFiT is very small. Figure 5.7c illustrates the overall 
annual revenue increase for each considered household when the utility offers this 
small feed-in tariff, from which it is found to be almost 22%, and thereby, the payback 
period for each household is almost 7 years on average. 
Figure 5.8 shows that the NPV is positive for all ten sample households in case of rural 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 whereas it is negative in case of urban 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1 and the existing flat rate feed-in 
tariff of 7¢/kWh [165] when the interest rate varies from 4 to 10%. As an example, at 
interest rate of 7%, the NPV is on average –5,317$ for the sample households under 
the existing flat rate feed-in tariff, and shows that it is uneconomic for them to install 
RPVs. This figure improves to –2,212$ for urban customers under 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1; however, to 
prevent disadvantaging the utility, still there is no encouragement for households to 
install RPVs without BES. The average NPV improves significantly to +7,382$ for 
rural customers under 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1, and confirms that all households at rural locations will 
benefit by installing a RPV while the utility is also advantaged. 
5.2. Summary 
This chapter shows that calculated DFiT correctly represents the value and 
significance of the generated power by the RPVs to the utility based on the considered 
factors. The analyses also show that the corresponding annual revenue provided by the 
proposed DFiT at remote and urban locations will lead to an average payback period 
of respectively 3 and 7 years when the Australian house- holds install the RPVs while 
an average investment recovery period of 5 years is expected when utilities install them 
on behalf of the customers in rural areas. The studies also show a positive NPV for 
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customers at areas with high VoE (such as rural areas with fragile electricity 
infrustrcuture) and low RPV penetration. On the other hand, a negative NPV is seen 
for customers at areas with low VoE (such as urban areas with well-developed 
networks) or relatively high RPV penetration. The first encourages the corresponding 
customers to install RPVs while the latter discourages them from RPV installation 
without BES. These are desirable outcomes for utilities that are achieved by the 
proposed DFiT. 
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Chapter 6 Community Solar Project 
This chapter evaluates the contribution of RPVs and BES within a community solar 
project, addressing the demand of an assumed multi-housing complex. The system’s 
technical performance (i.e., capability of the solar leasing company in contributing 
towards peak shaving, realizing self-sufficiency, and enhancing duck curve profile) is 
discussed.  
6.1. Key Design Factors 
The key considered factors are: 
• the number of households within the multi-housing complex that have a PPA with 
the solar leasing company (𝑁𝑁Ch), 
• the number of households within the multi-housing complex that have rented their 
roofs to the solar leasing company to install an RPV (𝑁𝑁RPVh ), 
• the installed RPV systems’ ratings (𝑆𝑆RPV) and efficiency (𝜂𝜂RPV) which demonstrate 
the combined values for the RPV panel and inverter, and 
• the installed BES’s energy capacity (𝑉𝑉max), its maximum rate of charge/discharge 
(PBESmax), efficiency (ηBES) and the minimum allowed SoC (SoCmin). 
Table 6.1 lists the assumed values for the system parameters in this study. These values 
are valid for all the study cases unless stated otherwise. The system’s technical 
performance results are demonstrated for 3 consecutive days in summer and winter 
(shown in Figure 6.1a-b), during which RPVs normally experience respectively the  
Table 6.1. Assumed technical parameters. 
𝑁𝑁RPVh = 10;                     𝑁𝑁Ch = 50;                   𝑆𝑆RPV = 10 [kW];           𝜂𝜂RPV = 97%;  
                               𝑉𝑉max = 200 [kWh];   𝑃𝑃BESmax = 50 [kW];   𝜂𝜂BES = 95%;   𝑆𝑆𝑉𝑉𝐷𝐷
min = 5% 
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Figure 6.1. Standard design consideration on three typical days 
highest and least generations. This data has been extracted from the Solar Home 
Electricity Data [164], released by Ausgrid (a utility supplying electricity in New 
South Wales, Australia) in 2013. It is to be noted that these days have been specifically 
selected as the considered 3rd day of summer and the 1st day of winter respectively 
represent the multi-housing complex’s largest demand in summer and winter. For the 
same period, Figure 6.1b illustrates the multi-housing complex’s total demand (again 
extracted from [164]) and shows that the total energy consumed in the assumed 3 
winter days is just 2% less than summer (a clear sign of almost equal heating load in 
winter with cooling load in summer for the assumed multi-housing complex). The 
period between 𝐶𝐶peak dem.start  and 𝐶𝐶peak dem.end , used in (17), during which the peak demand 
of the multi-housing complex is studied in this thesis is assumed to be 13:00 and 21:00, 
based on the multi-housing complex’s annual consumption profile. 
Furthermore, as shown in Figure 6.1a, the period of electricity generation by RPVs in 
summer is 40% more than in winter. Also, the overall generated energy in the assumed 
3 summer days is 67% more those in winter. The high generation period is almost 
between 12:00 and 16:00 in summer while it is between 11:00 and 15:00 in winter. 
For each of these periods, 𝑃𝑃𝑇𝑇𝑆𝑆 is respectively 1.81 and 1.51, over the assumed 3-day 
period. From the RPV generation and multi-housing complex demand provided in 
Figure 6.1a-b , the corresponding 𝑉𝑉𝑇𝑇 and 𝑉𝑉𝐷𝐷 are illustrated in Figure 6.1c-d. As seen 
from Figure 6.1c, the multi-housing complex’s 𝑉𝑉𝑇𝑇𝑆𝑆 over the assumed 3 winter days is 
85% less than summer. On the other hand, Figure 6.1d demonstrates that the multi-
housing complex’s 𝑉𝑉𝐷𝐷𝑆𝑆 over the assumed 3 winter days is 36% more than the summer. 
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However, during the largest summer and winter peaks (i.e., the 3rd day of summer and 
the 1st day of winter), a high 𝑉𝑉𝐷𝐷 is observed between 17:00 to 21:00, during which 
𝑉𝑉𝐷𝐷𝑆𝑆 of summer is 21% larger than winter. The period between 𝐶𝐶peak gen.start  and 𝐶𝐶peak gen.end , 
used in (16), during which exporting the EG to the utility feeder will further worsen 
the duck curve profile, is assumed to be 09:00 and 13:00, based on the multi-housing 
complex’s annual EG profile. 
The average of the observed 𝑇𝑇𝐷𝐷𝑅𝑅 over the assumed 3 summer days is 1.20, showing 
that the generation by RPVs can meet the multi-housing complex’s demand over that 
period. However, as seen from Figure 6.1c, the multi-housing complex’s 𝑉𝑉𝑇𝑇 
continuously varies and is not fixed. Thus, employing a BES is essential. After 
considering the self-consumption of the loads, the average of the energy that can be 
stored in the BES and meet the EC within that period, the multi-housing complex’s 
𝑉𝑉𝑇𝑇𝐷𝐷𝑅𝑅 is 0.89. This shows a slight under-design of the RPVs, which makes the multi-
housing complex dependent on the imported power from the utility feeder and not fully 
self-sufficiency. On the other hand, the average of the observed 𝑇𝑇𝐷𝐷𝑅𝑅 and 𝑉𝑉𝑇𝑇𝐷𝐷𝑅𝑅 for 
the assumed winter days are respectively 0.73 and 0.23, emphasizing lower self-
sufficiency for the multi-housing complex, especially in winter. 
6.1.1. Basic Design Criteria Evaluation 
To evaluate the performance of the proposed concept, let us consider a community 
solar project including 10 households with RPVs, one BES and 50 households under 
a PPA contract. The rating of each RPV is assumed as 10 kW while the power charge/ 
discharge rate of the BES and its energy storage capacity are assumed as 50 kW and 
200 kWh, respectively. The data used in this thesis is extracted from the 2013 Solar 
Home Electricity Data [164], released by Ausgrid (a utility supplying electricity in 
New South Wales, Australia). The performance of the proposed design criterion is 
evaluated by monitoring: 
• The power and energy exported to the grid, between 9:00 and 13:00, which is 
causing the duck curve profile, 
• The load peak-shaving from 13:00 to 21:00, to make the demand equal to or less 
than the average annual demand, 
• The level of self-sufficiency of the community solar from 22:00 to 06:00.  
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Figure 6.2 (a) Time of day (ToD) at which power export to the grid is started, over a 
year by varying 𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 and 𝑁𝑁𝐶𝐶 (b) magnitude of exported power, over a year by varying 
𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 and 𝑁𝑁𝐶𝐶. 
6.1.1.1. Number of Customers and RPV-equipped Households 
This section performs sensitivity analysis of number of households in the community 
solar with RPVs and the number of customers within the community solar that 
purchase electricity under a PPA while assuming the power charge/discharge rate of 
the BES and its energy capacity as 50 kW and 200 kWh respectively, as shown in 
Table 6.2. The performance evaluation of these system design parameters with 𝑁𝑁RPV =
3, and 𝑁𝑁C = 5 and 15 brings enough excess generation most of which can be stored in 
the BES without exporting excess power to the grid, and stored effectively to peak 
shave the load and supply most of the overnight demand. Therefore, such as system is 
capable to achieve the objective of mitigating the duck curve, enhance peak shaving  
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Figure 6.3 (a) Time of day (ToD) until BES contributes to peak demand shaving over 
a year by varying 𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 and 𝑁𝑁𝐶𝐶 (b) magnitude of imported power over a year by varying 
𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅 and 𝑁𝑁𝐶𝐶. 
and self-sufficiency. Figure 6.2-6.4 shows that when repeating the above study, by 
increasing 𝑁𝑁RPV from 3 to 5, shows relatively small size of BES which results in high 
duck curve. However, for achieving high peak-shaving for high self-sufficiency are 
met. Self-sufficiency can be further improved, and the duck curve can be mitigated by 
further increasing the capacity of the BES. Figure 6.3 shows that when 𝑁𝑁C increases 
to 35, 𝑉𝑉D is approximately twice of 𝑉𝑉G; however, still this system is capable of  
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Figure 6.4. (a) Time of day (ToD) until which load demand is fully satisfied and (b) 
magnitude of load demand after supplying the load by the BES over a year. 
achieving a high peak-shaving as the excess generation from RPVs can be effectively 
stored in the BES to peak shave most of the load demand. Figure 6.4  shows by further 
increasing 𝑁𝑁C to 50, the self-sufficiency is low because of the low 𝑉𝑉G. If the key 
objective is realizing high self-sufficiency for this many number of consumers, 
increasing 𝑉𝑉G and 𝑉𝑉BES would be the right approach. 
6.1.1.2. BES’s Power Charge/Discharge Rate and Energy Capacity 
This section presents sensitivity analysis of power charge/discharge rate and energy 
capacity of BES, given 𝑁𝑁RPV = 10 and 𝑁𝑁C = 50, as shown in Table 6.2. The 
performance evaluation of design criteria of energy capacity of BES and its 
charge/discharge rate in achieving the objectives of mitigating the duck curve, 
enhancing peak shaving and self-sufficiency are shown in Figure 6.5-6.7, respectively. 
The excess power over a year which is not utilised by the customers and is not stored  
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Figure 6.5(a) Time of day at which power export to the grid is started and (b) 
magnitude of exported power, over a year by varying 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵. 
by the BES, and results in power being exported to the grid is shown in Figure 6.5a. 
The magnitude of exported power is shown in Figure 6.5b, and mainly depends on the 
excess generation which is more than the BES charge rate during BES charging mode. 
Based on the assumed parameters shown in Table 6.2, 𝑃𝑃EGav = 84 kW. Therefore, the 
power ratings of BES should be above this threshold to avoid most of the export of 
power to the grid as shown in Figure 6.5. Further improvement in the duck curve 
profile can be realised by using a BES with a power ratings equal to or greater than 
𝑃𝑃EGdaily
av = 139 kW, provided that energy capacity design criteria is met as shown in 
(4). In order to avoid exporting energy to the grid due to having a fully charged BES, 
the energy capacity of BES should be equal to or greater than 𝑉𝑉EGdaily
av = 457 kWh as 
shown in Figure 6.5. Therefore, in addition to meeting power charge/discharge rate 
requirements the energy ratings of BES should be above this threshold to avoid most 
of the export of power to the grid. Figure 6.5a shows the time of day that the BES is 
fully discharged. Also, Figure 6.5b shows the periods that the load demand is not  
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Figure 6.6 (a) Time of day until BES shaves peak demand and (b) magnitude of 
imported power during peak period over a year by varying 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵. 
addressed by the RPVs and BES, and energy is imported from the utility grid. As seen 
from Figure 6.5b, the BES lasts most of the peak hour period when 𝑃𝑃BES is small, 
compared to higher values of 𝑃𝑃BES. However, with small 𝑉𝑉BES ratings the peak shaving 
capability is quite low and no peak shaving is observed after 18:00. This implies that 
although, a better power charge/discharge rate of the BES may allow a uniform 
distribution of the stored energy, it cannot play a significant role in peak-shaving. The 
peak-shaving capability can only be improved by increasing the BES’s energy capacity 
to a level based on (6).  
With a moderate BES energy capacity of 200 kWh, varying the BES’s power 
charge/discharge rate does not affect the degree of self-sufficiency of the community 
solar. This however, impacts the duck curve flattening and peak-shaving capabilities. 
For example, a BES with 𝑉𝑉BES = 200 kWh, and 𝑃𝑃BES = 50 kW presents a better 
performance in terms of flattening duck curve and peak-shaving capability in 
comparison with the other studied 𝑃𝑃BES ratings, as shown in Figure 6.5. 
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Figure 6.7 (a) Time of day until load demand is fully satisfied and (b) magnitude of 
imported power after peak period over a year by varying 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵 and 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵. 
In case of higher BES energy capacity of 600 kWh, different power charge/discharge 
rate does not impact the peak shaving capability significantly. However, energy export 
to the grid is observed when 𝑃𝑃BES = 60 Kw, as shown in Figure 6.5. Also, a reduced 
𝑃𝑃BES affects the self-sufficiency capability, as seen from Figure 6.5. 
6.1.2. Detailed Evaluation 
Six scenarios are considered and discussed here to demonstrate the system’s technical 
performance. The results of scenario-1 to 6 are respectively shown in Figure 6.8-Figure 
6.13. Each of these figures illustrates 𝑃𝑃RPV, 𝑃𝑃D, 𝑉𝑉𝑇𝑇, 𝑉𝑉𝐷𝐷, 𝑆𝑆𝐷𝐷BES, 𝑃𝑃imp, 𝑃𝑃exp and 𝑆𝑆𝑉𝑉𝐷𝐷. 
In each of these subfigures, case-1 and 2 represent the assumed summer days while 
case-3 and 4 represent the assumed winter days. 
Scenario-1 assumes two different numbers of houses with leased roofs to the solar 
leasing company; i.e., 𝑁𝑁RPVh = 3 (in case-1 and 3) or 10 (in case-2 and 4), within a 
multi-housing complex with 30 houses under a PPA (i.e., 𝑁𝑁Ch = 30). As seen from 
Figure 6.8f, case-1 and 2 present a fully self-sufficiency scenario, with zero imported 
power from the utility feeder. However, due to high 𝑉𝑉𝑇𝑇 and relatively low demand in 
case-2, the BES’s SoC does not drop below than unity, which result in BES being 
charged by almost a quarter of its capacity. Thus, the available energy to be supplied 
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Figure 6.8 Performance of 
scenario-1 (NRPVh =3, 10) 
Figure 6.9 Performance of 
scenario-2 (𝑁𝑁Ch=10, 40) 
Figure 6.10 Performance of 
scenario-3 (𝑆𝑆RPV=3, 9 kW) 
     




     







Day 1 Day 2 Day 3













 Day 1 Day 2 Day 3
     
(c)    
(b)
 Day 1 Day 2 Day 3
 






Figure 6.11. Performance of 
scenario-4.(𝑉𝑉max = 100 kWh, 
500) 
Figure 6.12. Performance of 
scenario-5.𝑃𝑃BESmax = 50,110 
kW 
Figure 6.13. Performance of 
scenario-6, 𝑆𝑆𝑉𝑉𝐷𝐷min = 50% or 
10% 
from the RPVs or the BES to the loads is not reduced by 21% thanks to the RPVs while 
another 28% reduction is also observed because of the BES. Hence, as seen from 
Figure 6.8f, the demand peak is shaved and has become closer to the average demand 
profile. Figure 6.8f also shows that the peak demand is fully supplied by the energy 
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stored in the BES in case-4. In summary, if peak shaving enhancement and duck curve 
profile flattening are the design objectives, a multi-housing complex with 𝑁𝑁RPVh = 3 
presents a better scenario; however, if achieving high self-sufficiency is the objective, 
a multi-housing complex with 𝑁𝑁RPVh = 10 is a better alternative. 
Now, let us consider scenario-2 in which 𝑁𝑁Ch = 10 (in case-1 and 3) or 40 (in case-2 
and 4) while 𝑁𝑁RPVh = 10. The multi-housing complex’s calculated 𝑇𝑇𝐷𝐷𝑅𝑅 and 𝑉𝑉𝑇𝑇𝐷𝐷𝑅𝑅 
become larger than 4 in case-1 and 3, reflecting that RPVs are significantly 
overdesigned. These quantities in case-2 are greater than unity whereas they are more 
than 0.35 in case-4. As seen from Figure 6.9, the highest 𝑉𝑉𝑇𝑇 is observed for case-1, 
which is mostly exported to the utility feeder, resulting in the duck curve profile, as 
seen from Figure 6.9. This is mainly because of the multi-housing complex’s low 
demand. In this case, 80% of the multi-housing complex’s demand is supplied by the 
RPVs and the BES addresses the remaining 20%. Therefore, this is an ideal scenario 
for achieving full self-sufficiency as there is no energy imported from the utility feeder, 
as seen from Figure 6.9. In case-2, although a high 𝑁𝑁Ch has improved the self-
consumption, the BES is undersized as is evident from the high export of energy to the 
utility feeder (see Figure 6.9e), resulting in a lower self-sufficiency. In case-3, the 
multi-housing complex is successful in peak shaving during the winter’s peak demand 
period thanks to the BES. Figure 6.9d illustrate that case-4 experiences the highest 𝑉𝑉𝐷𝐷 
(because of the large winter demand and lower generation by the RPVs). In this case, 
during the network peak period, the multi-housing complex’s 𝑇𝑇𝐷𝐷𝑅𝑅 and 𝑉𝑉𝑇𝑇𝐷𝐷𝑅𝑅 are less 
than unity, indicating inadequate available energy by the RPVs and the BES to supply 
the demand. Thus, the BES charges up to 63% of its capacity only on the winter peak 
demand day (see Figure 6.9g). Therefore, only 21% of the network’s peak demand is 
supplied by the RPVs while the BES supplies another 27%. In summary, cases with a 
small 𝑁𝑁Ch are a better alternative for achieving full self-sufficiency, and achieving peak 
shaving. On the other hand, if achieving high self-consumption is the key objective, 
case-2 and 4 that have a larger 𝑁𝑁Ch seem more feasible. However, this can decrease the 
peak shaving capability and realizing a higher self-sufficiency. 
Now, let us assume scenario-3 in which 𝑆𝑆RPV = 3 kW (in case-1 and 3) or 9 kW (in 
case-2 and 4) while 𝑁𝑁RPVh = 10 and 𝑁𝑁Ch = 50. As seen from Figure 6.10b, the multi-
housing complex’s 𝑉𝑉𝑇𝑇 is very low when the rating of the RPV is small. Comparing 
case-1 and 2, it can be seen that by increasing the RPV’s rating, 𝑉𝑉𝑇𝑇 increases by 91% 
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which results in the network’s peak shaving improvement by 72%. In case-3, the RPVs 
supply just 7% of the multi-housing complex’s demand, and no 𝑉𝑉𝑇𝑇 is observed; hence, 
the BES does not get charged. However, in case-4, the RPVs have reduced the 
network’s peak demand by 18% while the BES reduces it further by 13%. Thus, the 
rating of the RPVs should be selected properly to achieve the desired 𝑉𝑉𝑇𝑇 based on 
which the BES can support the network’s peak shaving.  
Now, let us consider scenario-4 with a BES of 𝑉𝑉max = 100 kWh (in case-1 and 3) or 
500 kWh (in case-2 and 4) while 𝑁𝑁RPVh = 10, 𝑁𝑁Ch = 50 and 𝑆𝑆RPV = 10 kW. As seen 
from Figure 6.11b, in case-1, the BES fully addresses the multi-housing complex’s 
demand over the peak period and supplies the loads until being fully discharged on the 
first two days. The largest exported power from the multi-housing complex to the 
utility feeder is also observed in this case since the utilised BES has a smaller energy 
capacity, implying an under-design of the BES capacity cannot be very helpful in 
improving the network’s duck curve profile. On the other hand, BES in case-2 has 
increased the self-consumption more than double compared to case-1 (see Figure 
6.11a). Also, as seen from Figure 6.11b, the RPVs and the BES in case-2 can meet the 
multi-housing complex’s total demand in the first two days, realizing a fully self-
sufficiency system. Thus, the BES discharging over the night continues until it again 
starts charging on the morning of the next day. However, this illustrates that the BES 
is oversized and does not get fully discharged, resulting in becoming saturated in the 
early hours of the day. Again, this is not the preferred alternative for improving the 
network’s duck curve profile. In both case-1 and 2, the system is less self-sufficiency 
on the 3rd day versus the first two days because the 3rd day of summer represents the 
largest summer demand. Comparing case-3 and 4 demonstrates a negligible reduction 
in the multi-housing complex’s imported energy from the utility feeder. In summary, 
it is seen that the BES helps improving the self-consumption, self-sufficiency and peak 
shaving capabilities if the system has enough EG. 
Now, let us consider scenario-5 with a BES of 𝑃𝑃BESmax = 50 kW (in case-1 and 3) or 110 
kW (in case-2 and 4) while 𝑉𝑉max = 275 kWh. As seen from Figure 6.12b, in case-1 
and 2, the portion of the multi-housing complex’s demand that is supplied by the BES 
remains unchanged when 𝑃𝑃BESmax increases. However, due to different timing, the peak 
shaving in case-1 is more effective as it reduces the peak demand by 40% versus case-  
2, in which the peak demand is reduced by 26%. Also, a smaller 𝑃𝑃BESmax (and thus, a 
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Table 6.3. Assumed technical parameters. 
𝑁𝑁RPVh = 10;                     𝑁𝑁Ch = 50;                   𝑆𝑆RPV = 10 [kW];           𝜂𝜂RPV = 97%;  
𝑉𝑉max = 200 [kWh];     𝑃𝑃BESmax = 50 [kW];     𝜂𝜂BES = 95%;                  𝑆𝑆𝑉𝑉𝐷𝐷min = 5% 
 
slower discharging rate) in case-1 results in more uniform discharge of the BES’s 
stored energy over a relatively longer period. As seen from Figure 6.12b, the duck 
curve profile in case-1 is more flattened versus case-2. However, the above parameters 
almost remain unchanged in case-3 and 4 against an increase in 𝑃𝑃BESmax. In summary, a 
BES with a 𝑃𝑃BESmax at least equal to the difference between the peak and average demand 
levels is required for successful peak shaving. 
Now, let us consider scenario-6 in which 𝑆𝑆𝑉𝑉𝐷𝐷min = 50% (in case-1 and 3) or 10% (in 
case-2 and 4), which can be because of the technology of the employed BES. As seen 
from Figure 6.13b, the energy supplied by the BES to the multi-housing complex’s 
loads have increased by 45% in case-2 versus case-1, which consequently decreases 
the multi-housing complex’s imported energy from the utility feeder by 13% while 
increasing the network’s peak shaving by 9%. However, these figures are relatively 
smaller in winter. Thus, employing a BES with a larger depth of discharge has more 
vivid impacts in the considered summer days. In summary, employing a BES 
technology with a smaller 𝑆𝑆𝑉𝑉𝐷𝐷min is a better alternative in achieving any desired design 
objective. 
6.2. Sensitivity Analysis 
To illustrate the impact of the system performance versus the variations of the assumed 
parameters, a sensitivity analysis has been conducted. First, let us assume that the 𝑁𝑁RPVh  
and 𝑁𝑁Ch with the solar leasing company are varied respectively from 1 to 10 and from 
10 to 50 while the other parameters are the same as given in Table 6.3. Figure 6.14 
illustrates the results of this study and demonstrates the variations in 𝑆𝑆𝐷𝐷RPV, 𝑆𝑆𝐷𝐷BES, 
𝑃𝑃exp, 𝑆𝑆𝑆𝑆, 𝑆𝑆𝑆𝑆𝑆𝑆, 𝐷𝐷𝐷𝐷𝑆𝑆 and 𝑃𝑃𝑆𝑆𝑆𝑆. It can be seen from this figure, increasing 𝑁𝑁Ch from 15 to 
50, results in 23% increase in the self-consumption from RPVs (see Figure 6.14a), 9% 
increase in the self-consumption from BES (see Figure 6.14b), 21% decrease in the 
exported power to the utility feeder (see Figure 6.14c). Conversely, this increase  
results in some negative impacts such as 80% reduction in 𝑆𝑆𝑆𝑆𝑆𝑆 (see Figure 6.14e). 















































Figure 6.14. Variations in some technical 
parameters versus the number of 
households that have leased their roof and 
under PPA. 
Figure 6.15. Variations in some 
technical parameters versus the rating 
and efficiency of the installed RPV 
systems. 














Figure 6.16. Variations in some technical parameters versus the BES’s energy capacity 
and charge/discharge rate.  
On the other hand, when 𝑁𝑁RPVh  increases from 5 to 10, the EG increases, which can be 
stored in the BES and utilised by the households later if the BES capacity allows and 
the system has enough EC. 
The conducted sensitivity analysis reflects that the highest self-consumption and self-
sufficiency of respectively 90 and 71% are observed for a multi-housing complex with 
𝑁𝑁RPVh = 4 and 𝑁𝑁Ch = 30. Further increasing 𝑁𝑁Ch to 50 reduces the peak shaving 
capability by 18% and self-sufficiency by 21% while decreasing it to 10 increases the 
exported power to the utility feeder by 30% and causes the duck curve profile. 
Increasing 𝑁𝑁RPVh  is the preferred approach if priority is achieving high self-sufficiency 
of more than 80%; however, this will worsen the duck curve profile. Likewise,  
decreasing 𝑁𝑁RPVh  will significantly reduce the peak shaving capability and the self-
sufficiency. 
Now, let us consider another sensitivity analysis in which the rating and efficiency of 
the installed RPV systems are varied. The results are shown in Figure 6.14. As seen 
from this figure, as the rating of the RPV systems increases from 4 to 10 kW, the peak 
shaving capability improves by 34% (see Figure 6.14g) while the self-consumption 
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from RPVs reduces by 35% (see Figure 6.14a) and the exported electricity to the utility 
feeder increases by 31% (see Figure 6.14). Further, it can be observed from Figure 
6.15f and Figure 6.15g  that rating of RPVs can be safely increased up to 7 kW while 
keeping 𝐷𝐷𝐷𝐷𝑆𝑆 below 25% and achieving a 𝑃𝑃𝑆𝑆𝑆𝑆 of more than 70%. Figure 6.15 also 
shows that when the efficiency of the installed RPV systems increases from 70 to 97%, 
these parameters are affected negligibly. 
Another sensitivity analysis is conducted to evaluate the impact of the variations of the 
BES’s charge/discharge rate (between 50 and 140 kW) and its energy capacity 
(between 50 and 770 kWh). Figure 6.16 illustrates the results of this study and shows 
that when the BES’s energy capacity increases from 100 to 500 kW, the self-
consumption of the BES increases by 36% (see Figure 6.16a), the exported power by  
the multi-housing complex to the utility feeder decreases by a similar degree (see 
Figure 6.16b) and the 𝑆𝑆𝑆𝑆𝑆𝑆 increases by 65%, all positive outcomes for the design 
objectives. The study also shows that increasing the BES’s energy capacity from 50 
kWh initially improves the peak shaving capability. Further increase above 100 kWh 
will improve the peak shaving, as well as the 𝑆𝑆𝑆𝑆𝑆𝑆. However, 𝑆𝑆𝑆𝑆𝑆𝑆 reaches 84% for a 
BES of 700 kWh but no further improvement is seen for larger capacities of the BES, 
as the 𝑉𝑉𝑇𝑇 is already exhausted. Figure 6.16 also shows that a 50% decrease in the 
BES’s charge/discharge rate (i.e., from 120 to 60 kW) results in further flattening the 
duck curve profile by 40% (see Figure 6.16e) while having no negative impact on the 
peak shaving capability (see Figure 6.16f). 
Another sensitivity analysis has been conducted to assess the impact of the BES’s 
minimum allowed SoC and efficiency. The results of this study show negligible impact 
in the studied parameters, and thus, are not illustrated here. 
6.3. Summary 
The studies show that to increase the self-sufficiency of the multi-housing complex, a 
larger portion of the households should be attracted to rent their roofs to the solar 
leasing company for RPV installation. This also needs to be accompanied by a proper 
capacity of the BES, since an undersized BES will increase the amount of exported 
energy to the utility feeder, and will thereby worsen the duck curve profile. On the 
other hand, an oversized BES may not be optimally utilised, and thus, will make the 
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project financially less justified. The studies show that a suitably sized BES can store 
all the EG from the RPVs and supply the multi-housing complex’s demand in a longer 
period of the demand peak; hence, also improving the peak shaving capability. 
Moreover, the studies show that the charge/discharge rate of the employed BES in the 
multi-housing complex should be based on the maximum observed EG and EC of the 
assumed multi-housing complex while its energy capacity should be based on the 
average daily EG and EC over a year. A deviation between the employed BES capacity 
and these quantities will result in a larger portion of the EG from the RPVs to be 
exported to the utility feeder. The studies also show that, if the community solar project 
design is based on the EG of a typical summer day, a significant portion of the BES 
capacity may remain unutilised during the winter period, making the community solar 
project less economical. Likewise, if the EG of a typical winter day is considered for 
the design, a substantial amount of EG will be exported during the summer days, 
worsening the duck curve profile. When the solar leasing company is committed to 
support the utility by providing peak shaving capability, the charge/discharge rate of 
the employed BES should be at least equal to the difference between the annual peak 
and average of the multi-housing complex’s demand while the energy capacity of the 
BES should be such that the BES can supply the multi-housing complex’s demand 
over the entire peak period. Under such a design objective, the energy capacity and the 
charge/discharge rate will be relatively smaller. 
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Chapter 7 Roof Leasing 
This chapter performs techno-economic analysis from a solar leasing company’s 
perspective assuming that the company rents the roof of a household and the electricity 
generated by the installed RPVs on that roof will be exported to the grid based on a 
feed-in tariff or consumed internally by the household under a PPA. A sensitivity 
analysis is performed for the interest rate, feed-in tariff, roof rental payments and the 
ratings of RPVs to show which possible combination of these variables could result in 
a strongly positive NPV for the solar leasing company. 
7.1. Sensitivity Analysis 
In these studies, the electricity generation data of RPVs is taken from the solar home 
electricity data, released by Ausgrid, a utility operating in the state of New South 
Wales, Australia [164]. In addition, the Australian government’s solar rebate 
calculator from [166] is used to find out the actual rebate on purchasing PV panels and 
inverters. Moreover,  𝜂𝜂 is assumed as 1% per annum that will reduce the efficiency by 
80% over a 20-year period [167]. 
First, let us assume that the solar leasing company will share 20% of its total income 
with the household as an agreed variable roof rental payment. It is also assumed that 
all power generated by the RPV will be exported to the utility under an assumed Feed-
in tariff. Figure 7.1a shows the variations in the NPV for the solar leasing company 
with respect to the changes in the assumed Feed-in tariff. From this figure, it can be 
seen that the NPV increases linearly versus the increase in feed-in tariff. The figure 
also shows the variations of the NPV for 4 different annual interest rates of 4, 10, 20 
and 40%. This indicates that for an interest rate of 4%, the NPV becomes positive at a 
feed-in tariff of approximately 9 ¢/kWh. If the solar leasing company is expecting 
higher returns with an interest rate of 10%, the feed-in tariff that gives the desired  
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Figure 7.1 NPV of roof rental agreement for the considered household from solar 
leasing company perspective based on feed-in tariff showing (a) feed-in tariff versus 
4 interest rates, (b) interest rate versus 4 feed-in tariffs, (c) interest rate versus 4 roof 
rents, (d) interest rate versus 3 ratings. 
amount of profit has to be approximately 15 ¢/kWh. For an interest rate of 40%, the 
NPV remains negative in all considered ranges of feed-in tariffs, demonstrating that 
such an interest rate is not viable.  
Figure 7.1b shows an exponential decline in the NPV with an increase in the interest 
rate over 4 different feed-in tariffs while again keeping the roof rental payments 
constant at 20% of the revenue. As seen from this figure, a feed-in tariff of 5 ¢/kWh 
will not be able to bring the desired return on the investment for solar leasing company 
while a feed-in tariff of 15 ¢/kWh can bring the desired return only at low interest rates 
(i.e., less than 8%). With a feed-in tariff of 25 ¢/kWh, an interest rate of up to 16% can 
be earned with positive NPV whereas a feed-in tariff of 43 ¢/kWh offers a positive 
NPV over a wide range of annual interest rates (i.e., up to almost 30%). 
Now, let us assume a fixed feed-in tariff of 15 ¢/kWh while 4 different roof rental 
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payments of 5, 20, 40 and 60% are assumed. Figure 7.1c depicts the variations of the 
NPV of the solar leasing company in this condition. As seen from this figure, the NPV 
declines exponentially with an increase in the interest rate. It can be seen from this 
figure that a roof rental payment of 5% can lead to a positive NPV on an interest rate 
of up to 10%. However, if the roof rental payment increases to 20%, the expected profit 
on investment decreases further. Assuming a roof rental payment of 40%, a very low 
interest rate of just 4% can be expected whereas a roof rental payment of 60% is found 
to be non-viable.  
Figure 7.1d shows an exponential decline in NPV with an increase in interest rate over 
3 different ratings while maintaining the feed-in tariff constant at 15 ¢/kWh. As seen 
from this figure, for an RPV with a rating of 2 kWp, the solar leasing company will 
observe a positive NPV up to an annual interest rate of 8%. When the RPV’s rating 
increases to 3 and 5 kWp, interest rates can be higher by 11 and 16%. Another 
important observation is that at an interest rate of 4%, increasing the rating of RPVs 
from 2 to 3 and 5 kWp will rise the NPV by 87 and 330%, respectively.  
Figure 7.2a shows the variation of interest rate and feed-in tariff simultaneously for a 
2 kWp RPV, at 4 different roof rental payments for a considered household. It reflects 
that the combination of minimum interest rate and feed-in tariff required to achieve 
the desired profit is 4% and 10 ¢/kWh respectively for a roof rental payment of 5%. 
However, if the roof rental payment increases by 20, 40 and 60% while the interest 
rate is still 4%, the feed-in tariff should increase by 10, 50 and 120% to yield the 
desired return. Also it is shown that if interest rate is assumed to be constant at 20%,  
to get desired return, a feed-in tariff of 25, 29 and 39 ¢/kWh is required for roof rent 
of 5, 20 and 40% respectively, whereas it doesn’t bring desired earnings in the whole 
considered range of feed-in tariff for roof rent of 60%. 
return with a 4% annual interest rate at a feed-in tariff of 9 ¢/kWh for a 2 kWp RPV. 
However, increasing the RPV’s rating to 3 and 5 kWp, this situation improves 
significantly, and NPV increases by 111 and 400%. It can also be seen that when the 
rating increases from 2 to 3 and 5 kWp, even a 17 and 38% lower feed-in tariff can 
bring the desired profits.  
Figure 7.2b shows the variation of interest rate and feed-in tariff simultaneously for a 
2, 3 and 5 kWp RPV at a roof rental payment of 20% for a considered household. As 
seen from this figure, the solar leasing company would not be able to get the desired 
profit.  




































































































Figure 7.2. NPV variation for a solar 
leasing company under a roof rental 
agreement with the considered household 
that exports the power generated by RPVs 
to the utility under a feed-in tariff (a) 
considering varying roof rental payment 
(b) considering varying rating of RPVs 
Figure 7.3. NPV variation for a solar 
leasing company under a roof rental 
agreement with the considered 
household while the household 
consumes the generated power by RPVs 
under a PPA (a) unique values of PPA 
tariff (b) with range of PPA tariff 
As seen from Figure 7.3, the NPV declines exponentially with an increase in the 
interest rate over 4 different PPA tariffs. It can be seen that with a PPA tariff of 22 
¢/kWh, the solar leasing company can earn the desired benefit up to an annual interest 
rate of 12%. However, as expected, a decrease in the PPA tariff decreases the revenue 
of the solar leasing company significantly. As an example, for a PPA tariff of 10 
¢/kWh, the solar leasing company is unable to get the desired investment return even 
at a low annual interest rate of 6%.  
7.2. Economic Feasibility 
This Section focuses on the solar leasing company’s NPV and its dependency on the  





                  










      
     
   
                 







Figure 7.4. Variations in the NPV versus changes in the assumed technical and 
economic parameters. 
system’s key design parameters. To this end, the system’s NPV is calculated for the 
various values of 𝑁𝑁RPVh , 𝑁𝑁Ch, and technical factors (i.e., the rating and efficiency of the 
installed RPVs and the BES’s charge/discharge rate, energy capacity, minimum 
allowed SoC and efficiency), as well as cost factors (i.e., the feed-in tariff and PPA 
tariffs). The results of this study are presented in Figure 7.4.  
Figure 7.4a illustrates an increase in the solar leasing company’s NPV with an increase 
in 𝑁𝑁Ch; however, the increase is more rapid for higher 𝑁𝑁RPVh , denoting a substantially 
positive profit for the solar leasing company. The highest NPV is observed for a multi-
housing complex with 10 houses with leased roofs and 50 households under a PPA 
(i.e., 𝑁𝑁RPVh /𝑁𝑁Ch = 20%). This is because the solar leasing company sells a very large 
amount of energy to the customers that have a PPA. The multiple surfaces in this figure 
denote various interest rates. As expected, the NPV increases as the interest rate 
becomes lower; e.g., by decreasing the interest rate from 12 to 4%, the solar leasing 
company’s NPV increases by 68%. That said, even at an interest rate of 12%, the NPV 
is still positive and close to one million dollars, demonstrating that the solar leasing 
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company’s profit is significantly higher than the desired level. On the other hand, the 
studies show that the solar leasing company will not achieve its desired profit if the 
interest rate was assumed 20% or above. The studies also show that, achieving an 
𝑆𝑆𝑆𝑆𝑆𝑆 = 100% substantially narrows down the chances of reaching a high NPV. For 
example, a relatively lower 𝑆𝑆𝑆𝑆𝑆𝑆 (e.g., 90%) increases the NPV by 600% (see Figure 
6.14e and Figure 7.4a). It can be observed that when almost all houses under a PPA 
have also leased their roofs to the solar leasing company, a positive NPV and an 𝑆𝑆𝑆𝑆𝑆𝑆 
of above 90% are observed concurrently. The results also show that, although the 
optimum combination of 𝑁𝑁RPVh = 4 and 𝑁𝑁Ch = 30, brings a positive NPV, this NPV is 
4 times less than the maximum achievable NPV by the solar leasing company. 
Figure 7.4b shows an increase in the solar leasing company’s NPV with an increase in 
the rating and efficiency of the RPVs, as expected. The multiple surfaces in this figure 
denote various initial capital costs of RPV systems. Also, as expected, the highest NPV 
is when the solar leasing company uses the cheapest RPVs. For example, it can be also 
seen that if the cost of the RPVs reduces by 25%, the solar leasing company’s NPV 
increases almost equal to that. 
Figure 7.4c shows that unlike RPVs, the increase in BES energy capacity will not 
always increase the solar leasing company’s NPV. This demonstrates that the highest 
NPV is observed when the BES’s energy capacity is at 160 kWh, which means that 
the benefits of the BES from self-consumption are highest in comparison with the cost 
of BES. Increasing the BES capacity above this level decreases the NPV, reflecting an 
unjustified benefit from the self-consumption of BES on such higher ratings. The 
multiple surfaces in this figure denote BES’s various initial capital costs. It can be also 
seen that, as expected, the NPV is highest when the cost of the BES is least; e.g., if the 
BES’s cost decreases by 25%, the solar leasing company’s NPV increases by 21%. 
Figure 7.4d shows that the solar leasing company can increase its NPV by employing 
a BES with higher efficiency and lower minimum allowed SoC. However, the change 
in the NPV is much smaller than the changes caused by the previously discussed 
factors. 
Figure 7.4e illustrates that the system’s NPV increases as the feed-in tariff and PPA 
tariffs increase. The study demonstrates the highest NPV when these tariffs are 
respectively 21 and 24 ¢/kWh (both the maximum boundary of the respective 
quantities in this study), resulting in an NPV of above 4 million dollars. On the other 
hand, a negative NPV is seen when these tariffs are respectively below 9 and 12 
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¢/kWh, reflecting that the solar leasing company will not achieve the desired profit. 
The multiple surfaces  
in this figure denote various roof rental ratios that the solar leasing company pays to 
the households that have leased their roofs. The studies show that increasing the roof 
rental ratios by 10% results in 13 to 15% decrease in the solar leasing company’s NPV. 
7.3. Summary 
The conducted sensitivity analyses for the NPV of such a solar leasing company over 
influencing factors such as the existing feed-in tariff, the PPA tariff, the desired interest 
rate, and the roof rental payments show that the company could only earn the profit 
when the feed-in tariff is very high or the desired annual interest rate is low. As high 
feed-in tariffs are not being offered by utilities in most locations and a lower interest 
rate may not bring desirable profit, the possibility of getting desired return only seems 
possible for few locations in which utilities are offering high feed-in tariffs such as 
remote areas. Roof rental payments also affect the economic viability of solar leasing 
agreement and higher roof rental payments narrows down the conditions of observing 
positive NPV for the solar leasing companies. Increasing the ratings of RPVs, on the 
other hand, can broaden the options of experiencing positive NPV.  
If achieving the highest profit is the key objective of the solar leasing company, the 
focus of the community solar project design should be on realizing the largest self-
consumption and minimum energy transaction with the utility feeder. This can be 
fulfilled by attracting larger number of households to operate under a PPA with the 
solar leasing company and a suitable size of BES. The studies show that, as the current 
BES cost is relatively high, using less RPVs and smaller BES capacity is the most 
preferred alternative for the solar leasing company to fulfil the highest profit. 
If the solar leasing company’s key design objective is realizing a high self-sufficiency 
for the multi-housing complex, the number and rating of the RPVs should be designed 
large enough such that the EG from the RPVs on any day becomes at least equal to the 
multi-housing complex’s EC on the annual peak day. Also, the BES’s 
charge/discharge rate and energy capacity should be high enough to store the EG and 
address the demand at any interval. Moreover, employing a BES with a larger capacity 
and charge/discharge rate increases the multi-housing complex’s self-sufficiency. 
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However, the study also shows that realizing a high self-sufficiency requires 
significantly overdesigned BES and RPVs, making the community solar project 
financially less justified. Therefore, such a design objective is the solar leasing 
company’s least economically preferred option. 
When improving the duck curve profile of the utility feeder is the solar leasing 
company’s key objective, the studies show that the most preferred alternative is having 
less RPV generation (by selecting a smaller number or rating of RPVs), and thus, 
observing a smaller EG, or employing a BES with a higher capacity and larger 
charge/discharge rate. However, the latter will make the community solar project 
financially less attractive again. 
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Chapter 8 Conclusions and recommendations 
This chapter summarises the key findings of the thesis and proposes some 
recommendations for future research. 
8.1. Conclusions 
The studies showed that the electricity customers in Australian capital territory were 
enjoying the lowest prices in the country with a 27% cheaper price than the national 
average at the time of the study, while the customers in South Australia are paying the 
highest annual electricity bills with 18.41% above the national average. The study also 
showed that the annual electricity bills for customers with the same annual 
consumption may be the same when they reside in some of the states/territories (e.g., 
Western Australia, Tasmania, and Northern Territory) while it can be up to 35% 
different for some other states/territories (e.g., New South Wales, Queensland, 
Victoria, Australian Capital Territory). 
Through the analyses carried out in this thesis, it is seen that for a typical Australian 
household which consumes 5,500 kWh annually, and assuming that on average, 50% 
of the energy generation by the RPV will be used at the generation time, and the 
remaining will be injected into the grid, the payback period is 5-11 years for a 3 kW 
system and 4-9 years for a 5 kW one. This payback period reduces slightly considering 
the same RPV price throughout the Australia. The study also illustrates that adding a 
5 kWh BES with the 5 kW RPV, the payback period almost becomes doubled (10-18 
years) which can slightly reduce to 10-13 years if the utilities accept feed-in tariff for 
battery-supported RPV and allow the batteries to export power into the grid.  
The study also showed that, considering the current feed-in tariff and prices for the 
RPV and batteries, and the effective life of the batteries, in general, it is not 
economically feasible for Australian households to install a BES-supported RPV if the 
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pattern of energy consumption by the household allowed 50% of the energy generation 
by the RPV to be stored or injected into the grid. 
The proposed time-varying feed-in tariff in this thesis, considered the short-span 
parameters of temperature and time of day with the long-span factors of value of 
electricity and hosting capacity. The study showed that the proposed technique can 
encourage the customers of remote areas to install RPVs at their premises and can 
inspire the customers to export generated power during network peak demand periods 
and during extreme temperatures. Furthermore, it showed that it will discourage the 
households to install RPVs when the hosting capacity is about to exhaust or the export 
power can cause technical challenges for the utility. The numerical analyses showed 
that the calculated DFiT correctly represents the value and significance of the 
generated power by the RPVs to the utility. 
The studies also showed that the solar leasing company, under the proposed approach, 
will receive the highest profit when a suitable combination of number of RPVs and 
customers under a PPA are set to achieve the highest self-consumption and least 
energy transaction with the utility feeder. The studies also showed that a BES with a 
suitable capacity, charge/discharge rate and technology should be designed according 
to the multi-housing complex’s EG and EC to result in the highest NPV. Furthermore, 
the studies showed that the criterion of achieving high peak-shaving and mitigating 
duck curve profile is realisable; however, the object of achieving high self-sufficiency 
can affect the possibility of flattening the duck curve. Other possible design solution 
such as adjusting the number of customers within the community solar that purchase 
electricity under a PPA to mitigate the duck curve or if the BES technology permits, 
decreasing the full charge/discharge cycle during winter by customizing the maximum 
depth of discharge to enhance the life of BES can be achieved. The study also reflected 
that increasing the rating of the RPV or decreasing the roof rental payments to a 
suitable degree can affect the solar leasing company’s benefit substantially. Therefore, 
for locations where the solar leasing company can get a high feed-in tariff, other 
variables should be adjusted to realise the desired profit. However, in many areas, the 
offered feed-in tariff is quite low, and for those locations, the solar leasing company is 
better to choose to operate under a PPA with the customer.  
This thesis has presented a design criterion for community solar to mitigate the 
negative impacts of high penetration of RPVs which are causing low demand periods 
in middle of the day. The stored energy in the community BES can be properly utilized 
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to achieve high self-sufficiency, enabling network peak demand shaving, and 
improving the duck curve profile. The studies show that achieving an optimal design 
solution is relatively simple for a low number of households. However, for large 
communities due to varying load demands, realizing all objective is more complex. 
Therefore, a compromise between the most preferable and relatively less preferable 
objective should be made. In terms of peak shaving, the charge/discharge rate of the 
employed community BES should be at least equal to the difference between the 
average of the highest daily excess consumption and average of the hourly 
consumption over a year while the energy capacity of the BES should be such that the 
community BES can supply the community demand over the entire peak period. Under 
such a design objective, the energy capacity and the charge/discharge rate of 
community BES will be relatively smaller. 
8.2. Recommendations 
Based on the findings of this research work, the research in this area can be further 
extended by  
• considering the perspective of utilities in dealing with technical and economic 
challenges due to increased penetration of RPVs which has resulted in decrease in 
sale of electricity and have resulted in grid stability issues. 
• determining the different optimal combination of PPA tariff and feed-in tariff to 
optimise the internal consumption and export of energy to the utility to yield higher 
profits for the solar leasing company. 
• achieving a combination of desired technical objectives of self-consumption, self-
sufficiency, peak shaving and duck curve profile mitigation in a community solar, 
using a decision-making or optimisation approach by employing various 
weightings for each objective. 
• Utilities can implement proposed DFiT to encourage targeted and managed 
penetration of the RPVs. 
• Utilities can benefit from the proposed community solar project design which can 
also be implemented on existing communities with high penetration of RPVs to 
install suitable size of community BES which can store the excess power based to 
supply the excess consumption of the community based on the design criteria 
Chapter 8. Conclusions and recommendations 
 
104 
proposed in this thesis. 
• The objective of duck curve profile mitigation and peak shaving can be achieved 
by adequate size of community BES in urban location, whereas for rural and 
remote locations in order to achieve high self-sufficiency system need to be 
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